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REVIEWS OF GEOLOGIC LITERATURE 


The Committee on Review Articles (Division 
of Earth Sciences, National Research Council) 
presents two additional articles. 

It may not be the most attractive task to 
prepare review articles, but it is one of the most 
rewarding. Through review of a problem or 
field the author may gain a new viewpoint, take 
stock of his knowledge of the subject, discover 
his limitations, and generally “relax and look 
around.” A review throws light into dark cor- 
ners and stimulates new ideas, through a fuller 
knowledge of what is known and what may be 
new. 

As information is amassed and unfortunately 
deeply buried in library stacks, it becomes an 
urgent task to extract the gold from the ore. 
Writing review articles is a service to the new 
generation who cannot possibly begin to read 
where their predecessors began and then add 
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theirs to past knowledge. Because the literature 
grows like an avalanche and the student reads 
only what he must read, he knows little else. 
To prevent our science from falling apart and 
to retain the binding matrix between specialties 
we must find more new ways of keeping in touch 
with one another. At many meetings we keep 
contact with one another, but, if we can read 
about other fields in a form more palatable 
than the specialized and detailed papers, we 
will know at least what our neighbor is think- 
ing, how he works, and what he has discovered. 
Review articles are a challenge and service, 
and we hope that we can continue the project 
with the support of our colleagues. 
Ernst Cioos, Chairman 
COMMITTEE ON REVIEW ARTICLES 
Juy 23, 1954 
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GLACIER FLOW: A REVIEW 
By RoBeErT P. SHARP 


ABSTRACT 


Vigorous attack is currently being made on glacier flow by field studies, laboratory 
investigations, and theoretical analyses. Knowledge of the physical properties and be- 
havior of ice deep within glaciers remains unsatisfactory, because laboratory experiments 
do not reproduce the relations of time and temperature existing in the natural environ- 
ment. It is not yet certain whether ice under long-continued stress in glaciers behaves as 
a plastic substance of fixed yield stress or as an essentially “‘viscous’”’ material, but it is 
clear that neither the plasticity nor the “viscosity” is constant. This is particularly im- 
portant in respect to calculations of glacier movement. 

Current petrofabric studies on glaciers show that earlier ideas of crystallographic 
orientation in ice were oversimplified. Strong fabric patterns are found, but they cannot 
be satisfactorily interpreted on the basis of simple gliding on the basal plane parallel to 
the direction of shear. Fabrics in surface ice may actually be the product of an ordered 
recrystallization proceeding from an orientation produced by flow deeper in the glacier. 
Knowledge of relaxation behavior in ice is required, and controlled laboratory work 
establishing relations of stress, crystallographic orientation, and mechanisms of yield is 
needed to provide a satisfactory basis for interpretation of the fabric patterns. 

Among the several possible mechanisms of glacier flow, intracrystalline gliding is cur- 
rently favored because of strong fabrics in glacier ice. It remains to discover the means by 
which the favored crystal orientation is produced, to work out the exact nature of intra- 
crystalline yielding, and to explain the lack of grossly elongated crystals in flowing ice. 
Slipping on the subglacial floor accounts for as much as 90 per cent of the movement of 
thin ice resting on steep slopes and for as much as 20-50 per cent of the movement in some 
valley glaciers. Intergranular shifting can be the predominant process of flow in firn, and it 
may be effective in some ice bodies, but for most glaciers it is less significant than intra- 
crystalline gliding. Material transfer associated with changes of state can contribute 
directly and indirectly to glacier flow. It is probably not of major significance but may 
have been too greatly discounted in recent years. Discrete displacements along shear 
planes in glaciers are probably largely surficial. Foliation in glacier ice suggests laminar 
flow, but this may occur by plastic yielding rather than by mechanical slippage on shear 
planes. 

Movement in glaciers is inclined obliquely downward from the surface in the accumula- 
tion area and obliquely upward in the ablation zone. This enables the glacier to maintain 
its thickness and surface profile. In a valley glacier, velocity increases from the head to 
about the firn limit and decreases progressively below that limit to the terminus, more or 
less in direct relation to the amount of ice available for transport. Annual fluctuations of 
velocity in a valley glacier probably reflect the influence of pressure near the head of 
a glacier and of meltwater near the terminus. Some reported diurnal variations in flow 
velocity may be partly the product of instrumental wandering or refraction of the line of 
sight. Changes in temperature, radiation, and meltwater may be the cause of bonafide 
diurnal velocity variations, but only a thin surficial crust can be involved if this is so. 
Changes of atmospheric pressure are worthy of consideration, although they do not ap- 
pear quantitatively competent to account for the larger diurnal velocity variations. 

Serious doubts are thrown on Demorest’s concept of extrusion flow by theoretical 
analyses and field tests. It is in such a shaky position that satisfactory alternatives should 
be sought. The most promising to date is Nye’s extending and compressive flow which 
accounts for many of the relations heretofore attributed to extrusion flow. Since Nye’s 
concept is based on theoretical analyses necessarily involving major simplifications and 
assumptions concerning the behavior of ice deep within a glacier, it needs further examina- 
tion, analysis, and test before being unconditionally accepted. 
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INTRODUCTION 


The flow of glaciers has attracted the atten- 
tion of people in many walks of life for more 
than two centuries (Haefeli, 1948, p. 192; 
Seligman, 1949a, p. 228.) The intensity of in- 
terest in this topic has passed through a series 
of cycles or waves, each advancing our knowl- 
edge but never providing a wholly satisfactory 
understanding. One such wave began in the 
late 1930’s, principally with the work of Dem- 
orest and Matthes in the United States, the 
British glaciological group, and several con- 
tinental European investigators. This upsurge 
survived interruption by World War II and has 
continued to the present with increased 
strength. 

Research on glacier flow needs the attention 
and co-operation of several scientific disciplines. 
Currently, theoretical analyses, laboratory ex- 
periments, and field investigations are being 
made. The theoretical attack comes largely 
from physicists, rheologists, and soil-mechanics 
engineers in Britain and Europe; the labora- 
tory work comes chiefly from the Cavendish 
Laboratory in England, from the Swiss Federal 
Institute for Snow and Avalanche Research, 
and from the Snow, Ice, and Permafrost Re- 
search Establishment and allied scientists in 
the United States. Theoretical and laboratory 
treatments are required, because field work 
alone does not appear capable of solving the 
problem. Nonetheless, the value of field work 
must not be discounted, and this is where the 
geologist fits in best by training and tempera- 
ment. Largely through field work, he ascer- 
tains the environment and general relations 
with which the laboratory worker and theo- 
retical analyst must reckon. In a sense, he 
defines the problem initially and in the end 


tests the solutions proposed. This review is | 


designed to bring the geologist up to date on 
current work, to survey recent progress, and to 
define some of the problems ahead. 

The mechanics of glacier flow, that is the 
actual mechanisms by which ice yields to stress, 
are distinguished here from the modes of flow, 
which pertain to movement of the glacier as a 
body. In addition to these matters, considera- 
tion is also given to pertinent physical proper- 
ties of ice, to crystallographic relations within 
glaciers, and to distribution and variation of 
flow velocity. 

Background information will be found chiefly 
in foreign texts (Heim, 1885; Hess, 1904; 1933; 
Drygalski and Machatschek, 1942; Klebelsberg, 
1948). No comparable coverage exists in Eng- 
lish, although historical aspects are covered by 
Howorth (1891) and Seligman (1949a). Some 
treatments of glacier flow are thorough (Dobro- 
1923, p. 72-159); keenly analytical 
1930); and up-to-date (Matthes, 


wolski, 
(Hawkes, 
1942, p. 164-190; Perutz, 
1948, p. 73-89). 


e 


. 


1947; Klebelsberg, | 


Profit has been derived from discussions with | 
C. R. Allen, R. B. Campbell, C. H. Dix, C. C. | 


Fisher, M. F. Meier, G. P. Rigsby, G. I. Smith, 
and P. St. Amand, all of the California Insti- 
tute of Technology. 


SoME PuHysICAL PROPERTIES AND 
BEHAVIORS OF ICE 


Knowledge of the properties and behavior 


of ice within glaciers remains distressingly | 
meager. Laboratory data as recently compiled | 
1951) are numerous and useful, 
but many are of limited value because most | 


(Mantis e al., 


experiments do not reproduce the relations of 
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SOME PHYSICAL PROPERTIES AND BEHAVIORS OF ICE 


temperature, pressure, and time pertaining to 
glaciers. 

The maximum depth of first-hand observa- 
tion of ice in glaciers is about 250 feet (Carol, 
1947; Battle, 1951, p. 562; Haefeli, 1951, p. 
498; 1952, p. 97; McCall, 1952, p. 123). and 
drill cores have been obtained from depths no 
greater than 330 feet (Bader, 1951, p. 525; 
Schytt, 1953, p. 204). The fact that the original 
environment of the ice must be altered to per- 
mit such observations detracts from their 
value, and better knowledge of relaxation be- 


havior in ice is needed before they can be fully 


evaluated. This will have to come largely from 
laboratory work. Investigation of air bubbles 
and phase relations may yield useful informa- 
tion on the behavior of ice deep within glaciers, 
but this work has barely been started (Bader, 
1950, p. 445-451). 

Many values for the ‘‘viscosity’ of ice have 
been obtained from laboratory experiments and 
from calculations based on field data (Deeley 
and Parr, 1913; Dobrowolski, 1923, p. 106-113; 
Hoéppler, 1941, p. 159; Mantis ef al., 1951, p. 
10-14; Haefeli, 1952, p. 97). A value in the 
vicinity of 10% to 10 poises for glacier ice at 
the pressure-melting point appears to be most 
generally accepted (Lagally, 1930, p. 5; Mer- 
canton, 1950, p. 172). Departures from this 
value are large as it is strongly influenced by 
temperature, crystallographic orientation, grain 
size, density, possibly the confining pressure, 
and the magnitude and rate of shear-stress 
application (Héppler, 1941, p. 157-158; Perutz, 
1947, p. 49). 

It seems agreed that plasticity increases as a 
high power of the shear stress (Perutz, 1949a; 
Glen and Perutz, 1952), but the relation be- 
tween plasticity and hydrostatic pressure in 
ice at the pressure-melting temperature needs 
thorough investigation, for it has major bearing 

'Use of the term viscosity for a substance in 
which time rate of strain may not be a linear func- 
tion of stress is certainly questionable (Glen and 
Perutz, 1952). Usage has established this practice, 
but here quotation marks are added as an expres- 
sion of qualification. In this paper, the yielding of 
ice is usually referred to as plastic but without 
meaning to imply that it is a substance with a 
definite yield stress. Definition of terms such as 
plasticity, viscosity, quasi-viscous yielding, creep, 
and the like is a subject of debate among experts 
(Burgers, 1951). The simplified terminology pro- 


posed by Benioff (1951, p. 35-36) appears suitable 
for most gross geological relations. 
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on modes of glacier flow. The assumption that 
plasticity increases (‘viscosity decreases) 
with depth in a glacier appears repeatedly in 
the literature, but it has been challenged (Hess, 
1937, p. 3-5; Orowan, 1949, p. 233; Lewis, 
1949a, p. 156). In most substances plasticity 
decreases with increasing hydrostatic pressure, 
but ice is a possible exception because of vol- 
ume decrease through pressure melting and 
because of lubrication of intercrystalline bound- 
aries by the meltwater (Drygalski and 
Machatschek, 1942, p. 77, 80; Perutz, 1947, p. 
49; Haefeli, 1948, p. 197). Not all proponents 
of this view seem to realize that they are en- 
dorsing intergranular shifting as a major process 
in ice flowage, although the role of this mech- 
anism is a matter of doubt and debate. The 
amount of water developed by pressure melting 
is small, about 0.12 per cent by weight at a 
depth of 1000 feet in pure ice at the pressure- 
melting point, but even so it may exert con- 
siderable influence on the physical behavior of 
polycrystalline ice. 

The statement has been made that ice be- 
haves as a plastic substance with a definite 
yield stress (Miigge, 1895, p. 221; Tarr and 
Rich, 1912, p. 243; Dobrowolski, 1923, p. 92- 
94), and field relations have been interpreted 
as indicating yielding of ice at compressive 
stresses ranging from 4 to 7 kg/cm? depending 
upon temperature, rate of stress application, 
and other conditions (Demorest, 1938, p. 724; 
Seligman, 1947a, p. 14). Bjerrum’s (1952, p. 
390) figure of 5 kg/cm? for the shear force re- 
quired to cause intracrystalline gliding appears 
much larger than the yield point of ice in 
glaciers for which Orowan (1949, p. 235-236) 
favors a value of 1 kg/cm?. For many glaciers 
Perutz (1953, p. 931) and Nye (1953, p. 488) 
consider this to be of about the right order. 
In at least some instances, however, 1 kg/cm? 
may be too high, as Nye’s (1952b, p. 530) calcu- 
lations based on a shear-stress yield point of 
0.88 kg/cm? give seemingly excessive thick- 
nesses for parts of the Greenland Ice Sheet, 
and one field observation indicates that flow 
may occur under shear stresses as low as 0.1 
kg/cm? (Perutz, 1950a, p. 383). Finsterwalder 
(1950, p. 386) feels that yielding may be ex- 
pected under any long-continued shear stress 
no matter how small, and Haefeli (1952, p. 95) 
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would be inclined to agree for ice at the pres- 
sure-melting point. 

In the laboratory ice certainly does not be- 
have as an ideal Newtonian liquid of constant 
viscosity, for the time rate of strain has a non- 
linear relation to shear stress (Glen, 1952, p. 
112). Most investigators probably now regard 
ice as neither a perfectly plastic substance nor 
one of constant ‘‘viscosity”. The most signifi- 
cant difference in the plastic versus viscous 
argument is whether ice has a finite yield stress 
or yields to vanishingly small stresses under 
proper conditions of temperature, confining 
pressure, and time. The possibility that ice 
may behave as a “viscous” substance with 
changing “viscosity” under the conditions 
attaining deep within a temperate glacier? 
is important in relation to theoretical treat- 
ments bearing on modes of glacier flow. Per- 
haps, observations in bore holes or deep tunnels 
or laboratory experiments under relatively high 
confining pressure at the pressure-melting 
temperature with shear stresses a small frac- 
tion of a bar in magnitude and of long duration 
will throw further light on the matter. The 
crux of the plastic or “viscous” behavior of 
ice may be the element of time, both as to dura- 
tion and rate of application of the stress. 
Under some conditions ice may behave as a 
brittle or a plastic solid, and under still other 
conditions it may prove to be essentially 
“‘viscous’’. 


CRYSTALLOGRAPHIC RELATIONS 
Crystal Sizes in Glaciers 


Seligman (1947b; 1949b; 1950b) has stimu- 
lated renewed interest in relations between 
crystal size and flowage in glaciers. His obser- 
vations suggest that crystal size varies directly 
with time, temperature, and distance traveled, 
and inversely with velocity, depth, and stress. 
These are not independent variables, and the 
element of time is involved in several. However, 
time is probably not the sole factor. 

Existing data on crystal sizes can be mis- 
leading as they have been gathered largely at or 
near the surface where radiation could have 


2One at the pressure-melting temperature 
throughout except for a thin surficial layer of winter 
chilling (Ahlmann, 1948, p. 66). 
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caused abnormal growth (Plyler, 1936, p. 64; | 
Hollingworth, 1950, p. 68). Furthermore, meas- | 


enrnaser 


urements have been made principally on two- | 


dimensional surfaces, and Bader (1951, p. | 


524-525) shows that this can give erroneous 
results. Information on the three-dimensional 
size, shape, and interrelation of crystals in 
glaciers is needed, and in complex intergrowths 
this may have to be obtained by the technique 
of multiple sections (Bader, 1951, p. 524). 


It is generally true that crystals near the | 


terminus of a glacier are larger than near its 
head. This might be a matter of age, but the 
fact that the more coarsely crystalline ice has 
the stronger fabric pattern (Rigsby, Personal 
communication) suggests that flowage has 
played a part. Flowage may produce large 
crystals in glaciers by causing those of favorable 
orientation to grow at the expense of others 
(Perutz and Seligman, 1939, p. 356) or possibly 
by producing the same orientation in neighbor- 
ing crystals which subsequently fuse (Bader, 
1951, p. 526). Growth may involve migration 
of crystal boundaries, an old idea (Sherzer, 
1907, p. 128) which receives support from re- 
cent observations (Bragg and Nye, 1947, p. 


477-479; Bader, 1950, p. 448), and changes of § 


state during flowage could also be a contributing 
factor. 

Stagnant ice is exceptionally coarse-grained, 
and crystal growth subsequent to cessation of 
movement seems likely, especially since rapid 
growth of ice crystals upon release of stress 
has been reported (Seligman, 1950b, p. 380). An 
inverse relation between crystal size and flow 
velocity, sometimes observed, suggests that 
under some conditions rapid movement breaks 
up the crystals, and finely broken fragments are 
found along some shear planes (Liestél, 1950). 
Crystals in ice extruded under intense local 
pressure also are small (Battle, 1952, p. 21). It 
appears that flowage may locally and tempo- 
rarily reduce crystal size, but eventually it 
creates a situation leading to the growth of a 
limited number of favored crystals, especially 
as movement slows down or ceases. 


Glacier Petrofabrics 
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Study of crystal orientation in glaciers is | 


currently producing more questions 
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CRYSTALLOGRAPHIC RELATIONS 


answers. Stong patterns are being demon- 
strated, but satisfactory explanation for them 
has not been forthcoming. Work of this nature 
is not new (Deeley and Fletcher, 1895, p. 152; 
Sherzer, 1907, p. 126), but more has been done 
in the last 10 to 15 years than before. Un- 
fortunately, the extensive investigations of 
Demorest (1941; Matthes, 1942, p. 165) have 
not been published. The principle that crystals 
in blue ice folia are oriented with their basal 
planes parallel to the direction of shear (Perutz 
and Seligman, 1939, p. 354) has not been con- 
firmed by subsequent work (Bader, 1951, p. 
535; Rigsby, 1951, p. 595), although further 
investigation is desirable in view of laboratory 
experiments supporting this relation (Demorest, 
1941). It also seems that crystal orientation in 
the blue folia is no stronger or different than in 
adjacent folia of white ice, although initial 
differences may have been obscured by sub- 
sequent recrystallization. 

Rigsby’s (1951, p. 594-597) petrofabric 
diagrams show four strong maxima arranged 
at the corners of a rhomb inclosing the pole to 
the plane of foliation in the ice. Bader (1951, p. 
531-534) obtains the same pattern in ‘‘active”’ 
Malaspina ice, and Rigsby (1953, p. 17, 24) 
records similar arrangements at a number of 
stations near the center of Malaspina Glacier 
and near the terminus of Saskatchewan Glacier. 
Rigsby finds a corresponding pattern in inactive 
ice of Emmons Glacier, but Bader obtains a 
somewhat different arrangement in stagnant 
Malaspina ice which he thinks may be due to 
spreading of this mass under its own weight 
after forward motion ceased. The difficulty of 
interpreting his diagrams on the basis of a single 
glide plane (basal) led Rigsby to speculate on 
the possibility of other glide planes in ice, al- 
though there is no independent evidence for 
this. The possibility that Rigsby’s patterns may 
be the result of an ordered relaxation recrystal- 
lization after the ice emerged from the zone of 
most active flow should be considered. 

To date all published fabric diagrams of 
glacier ice have been obtained from samples at 
or close to the surface. Several questions can 
be raised. Do these diagrams reflect wholly or 
partly the influence of conditions within the 
crust of the glacier? What is the relaxation 
behavior of ice? What are the mechanisms by 
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which a preferred crystallographic orientation 
is created and what is its relation to the stress 
system? The answers to these questions will 
have come at least partly from controlled 
laboratory experiments (Bader, 1949, p. 1311). 
Some of the difficulty of interpreting petro- 
fabric diagrams may arise from the fact that 
details of the stress system in flowing glaciers 
are more complicated than has been supposed. 
Hope for the future is given by the fairly con- 
sistent relation between foliation and patterns 
of crystallographic orientation in a number of 
localities. Fabric studies should contribute 
significantly to an understanding of glacier 
flow once the diagrams can be properly in- 
terpreted. 

In a late stage of the processing of this manu- 
script an article by Schwarzacher and Unter- 
steiner (1953) came to hand which bears sig- 
nificantly on matters of crystal fabrics and 
structures in glaciers. It has not been feasible 
to digest and incorporate properly within this 
review all the important points in this article, 
but a few are mentioned here. 

Schwarzacher and Untersteiner (1953, p. 117) 
obtained fabric diagrams showing multiple 
maxima just as did Rigsby, Bader, and Demo- 
rest, but only two of their four maxima corre- 
spond exactly (p. 118) with the four recognized 
by Rigsby. They conclude (p. 129, 135) that 
Rigsby’s suggestion concerning possible yield- 
ing of ice crystals along planes other than the 
basal glide plane is thrown out by axes-distribu- 
tion analyses. They propose the hypothesis 
(p. 129-130) that the three seemingly contem- 
poraneous maxima of their diagrams, the fourth 
maximum apparently being of later origin, are 
caused by the ice crystals being oriented with 
their basal glide planes parallel to three differ- 
ent sets of shear planes in the ice. These planes 
are not megascopically visible and their exist- 
ence is suggested largely by axes-distribution 
analyses. None of these planes is parallel to the 
megascopic foliation. These authors, too, con- 
clude (p. 129, 134) that Perutz and Seligman 
are in error in stating that the basal glide planes 
of crystals in a “blue band” are parallel to the 
plane of the band. 

It is gratifying to find that these men have 
independently arrived at views similar to those 
advocated herein on a number of points, a few 
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of which are: the need for and value of studies 
on structures within glacier ice as a key to the 
mechanics of flow (p. 111), the need for obtain- 
ing undisturbed samples from considerable 
depth in glaciers (p. 112), the possibilities of 
post-deformation recrystallization which affects 
fabrics and structures (p. 118, 125-126, 131- 
132), and recognition of the fact that foliation 
is produced by shearing and is not simply an 
inherited sedimentary structure (p. 128-129). 
Serious students of structures and fabrics in 
glaciers will do well to read carefully this sig- 
nificant article. 


MECHANICS OF GLACIER FLOW 
Introductory Statement 


The following mechanisms of glacier move- 
ment are discussed: (1) slippage on the floor, 
(2) slippage along discrete shear planes within 
the glacier, (3) transfer of material associated 
with changes of state, (4) intergranular shift- 
ing including fragmentation and healing, (5) 
intragranular yielding. None of these is neces- 
sarily mutually exclusive, and all may occur to 
some degree under different conditions. 


Marginal and Basal Slip 


Slippage over bedrock can be measured 
directly along the margin of a glacier, but de- 
termination of slippage at the base is difficult. 
Marginal slip has been measured as 4.4 per cent 
of the maximum surface velocity on the 
Unteraar Glacier (Matthes, 1942, p. 167), 7.7 
per cent on the Rhone Glacier (Hess, 1933, p. 
37), and 20-25 per cent on the Hintereis Glacier 
(Deeley and Parr, 1913, p. 95; Hess, 1933, p. 
37). Other determinations range from 4-30 per 
cent (Hess, 1904, p. 122). 

Basal slip has been largely a subject of calcu- 
lation. In the Hintereis Glacier (Deeley and 
Parr, 1913, p. 99-100) it has been calculated at 
4-13 per cent of surface velocity, the larger 
figures attaining in thicker ice (Hess, 1933, p. 
42). Other estimated and calculated values of 
basal slip in glaciers range up to 90 per cent 
(Hess, 1941, p. 292), and Deeley and Parr 
(1913, p. 101) consider a value of about 50 per 
cent as average. Lagally (1939, p. 197) dis- 
counts all calculated values because necessary 
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knowledge of conditions at depth is lacking, 
but Nye (1952c, p. 86) gets reasonably con- 
sistent results in spite of numerous simplifying 
assumptions. 

Recent observations provide more reliable 
data. The movement and deformation of a drill 
pipe penetrating the Jungfraufirn indicate that 
approximately 50 per cent of the movement 
recorded at the surface occurs by slip over the 
floor (Gerrard, Perutz, and Roch, 1952, p. 552). 
Measurements in a tunnel driven to the base 
of Mt. Collon Glacier in the Alps (Haefeli, 
1951, p. 496) suggest that basal slip accounts 
for approximately 20 per cent of the total move- 
ment. Both figures are open to some question— 
the first because some of the movement at- 
tributed to slippage may occur by flowage in 
a thin basal ice layer not penetrated by the 
pipe; and the second because basal slip was 
measured on the face of a rock step, and sur- 
face velocity was determined at a point farther 
down the valley. Another tunnel observation 
indicates that 90 per cent of the movement of a 
thin cirque glacier resting on a steep slope is 
by sliding over its bed (McCall, 1952, p. 126). 

The amount of basal slip unquestionably 
changes with the situation, but it is a major 
mechanism of movement for glaciers on slopes 
(Nye, 1952c, p. 86). It may account for all or 
or nearly all the movement of thin cold ice 
on steep slopes, and for only a fraction of the 
movement of thick temperate ice on gentle 
slopes. The amount of slip over a floor that is 


o-- 


level or sloping against the direction of flow is ‘ 


not known, but geological evidence suggests 
that it occurs. 


Shearing and Laminar Flow 


The role of displacements along discrete 
shear planes within glaciers has been hotly de- 
bated. In Europe two schools developed, one 
favoring so-called streaming flow and the other 
carrying the inapt designation of laminar flow 
(Hess, 1933, p. 81, 95; Visser, 1938, p. 95-106; 
Klebelsberg, 1948, p. 79-80). To an outsider 
the differences between the two schools do not 


3 


seem great, except on one or two points, and | 
the intensity of the debate has diminished in | 


recent years as new data demonstrate an in- 
creasing field of agreement (Haefeli, 1948, p. 
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197; Finsterwalder, 1950, p. 385; Cornelius, 
1952, p. 10). 

Displacements have been measured along 
shear planes in ice at the surface and margins 
of glaciers (Sherzer, 1907, p. 35-36; R. T. 
Chamberlin, 1928, p. 13; Perutz and Seligman, 
1939, p. 353). Are these simply a surficial ex- 
pression in the crust of some other type of 
movement within the glacier, or are displace- 
ments along discrete shear planes also a major 
phenomenon at depth? Displacements pre- 
sumably could occur at depth if the rate of 
stress application were sufficient (Perutz, 1940, 


p. 134), but do they occur, and are they large 


enough and abundant enough to be significant? 
Some workers would vigorously affirm that 
they are (Philipp, 1920, p. 520-521; 1932, p. 
233), but this is not known to be true, and 
Hess (1931, p. 246) would assign it a minor 
role. 

A closely allied problem is the nature and 
origin of the foliated structure in ice. Both 
schools consider foliation a product of flow 
within the glacier involving differential move- 
ment of thin layers of ice (Demorest, 1943, p. 
365), but the mechanism by which this occurs 
is a subject of disagreement. To one group it is 
a mechanical shearing of the layers over one 
another accompanied by fracturing and melting 
within the shear zone followed by healing 
(Philipp, 1920, p. 502-503). To the other group, 
plastic flow within a thin layer is involved 
(Drygalski and Machatschek, 1942, p. 123- 
129). This may occur by intergranular and 
intragranular yielding accompanied by transfer 
of material (Demorest, 1941) or by recrystalliza- 
tion, reorientation, and intracrystalline gliding 
(Perutz and Seligman, 1939, p. 355-357). 
Both schools thus embrace laminar flow, but to 


* one it involves mechanical shearing and to the 


other plastic yielding (Matthes, 1942, p. 180; 
Perutz, 1947, p. 50). Some crystallographic 
studies (Perutz and Seligman, 1939, p. 353- 
357) support the latter, although it is yet to be 
demonstrated that crystals in the dense blue 
folia are always more strongly oriented than in 
the rest of the glacier (Rigsby, 1951, p. 595- 
596). 

The problem is further complicated by the 
feeling in some quarters that the foliated struc- 
ture of the glacier is related to the sedimentary 
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layering of the firn. However, the arrangement, 
spacing, orientation, relation to flow direction, 
and relics of older structures strongly indicate 
that the foliation is developed in the ice by 
flowage independent of sedimentary layering. 
It expresses the laminar nature of glacier flow, 
but it does not show that mechanical displace- 
ments along discrete slip planes extending 
throughout the glacier constitute a major 
mechanism of flow. The more fundamental 
problem appears to be the one of intergranular 
versus intragranular adjustments. 


Material Transfer Accompanying Change 
of State 


The change from a solid to a liquid or gaseous 
state can contribute to glacier flow in two ways. 
It facilitates intergranular movements, and 
actual migration of the fluid may take place. 
Migration of material can unquestionably oc- 
cur in association with pressure melting and re- 
freezing or evaporation and sublimation, but is 
it quantitatively significant with respect to 
glacier flow? 

The present disposition is to regard it as rela- 
tively unimportant (Hawkes, 1930, p. 122), 
possibly because the material need not move in 
the direction of flow or because ice can flow at 
temperatures and pressures too low for pres- 
sure melting (McConnell, 1891, p. 324; Miigge, 
1895, p. 221; Tarr and von Engeln, 1915, p. 91; 
Perutz, 1948, p. 102). This last point need not 
be especially significant, as much, and perhaps 
most, flowing ice is at the pressure-melting 
point. If the growth of crystals in glaciers is in 
part the result of change of state and material 
transfer, then this process may be quantita- 
tively important in glacier flow. In recent years 
the tendency has been to relegate changes of 
state to a more insignificant position than they 
deserve. 


Intergranular Shifting 


In North America the Chicago group has long 
advocated intergranular shifting as one of the 
major mechanisms of flowage (T. C. Chamber- 
lin, 1904, p. 200-201; Chamberlin and Salisbury, 
1909, p. 314; R. T. Chamberlin, 1928, p. 29; 
1936, p. 97). Pressure melting, saline films 
(Quincke, 1905; von Engeln, 1915, p. 464-466; 
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1936, p. 401), and skins of amorphous ice 
(Hawkes, 1930, p. 116-117) could facilitate 
this process. Although the existence of amor- 
phous skins is doubted (Fleming, 1938, p. 450), 
the free surfaces of ice crystals may be coated by 
a mobile noncrystalline water film several 
hundred molecules thick even at temperatures 
well below 0° C. (Weyl, 1951, p. 395-396; 
Nakaya and Matsumoto, 1953, p. 4, 6). This 
film may not exist between ice grains in close 
juxtaposition, so perhaps it has little effect on 
intergranular movements. However, the ex- 
istence of saline skins has been confirmed by 
fractional melting (Renaud, 1949, p. 320-324), 
and lubrication of intercrystalline boundaries 
by saline films is a strong possibility (Renaud, 
1951, p. 209-210). 

Intergranular shifting has been clearly dem- 
onstrated in firn (Perutz and Seligman, 1939, 
p. 343-345, 348-350; Seligman, 1941, p. 309- 
311), and the arrangement of air bubbles sug- 
gests rotation of some crystals in glaciers 
(Bader, 1950, p. 450). If polycrystalline ice 
actually becomes more plastic under increasing 
hydrostatic pressure owing to meltwater de- 
velopment, then intergranular shifting may be a 
significant process. A test might be provided 
by comparing the plasticity of a polycrystalline 
aggregate with that of a single ice crystal under 
similar conditions (Dobrowolski, 1923, p. 135). 
Hess (1904, p. 316) states that it is about the 
same in both instances and that intergranular 
shifting is relatively insignificant, but con- 
firmation is needed. 

The intergrowth and interpenetration of 
crystals reported in some glaciers appear too 
irregular to permit significant intergranular 
movements (Hess, 1904, p. 316; Perutz, 1940, 
p. 133; Matthes, 1942, p. 171; Bader, 1951, p. 
524-525). Even extensive local pressure melting 
would not permit significant shifting of these 
crystals; however, one may ask if the complex 
intergrowths observed are truly representative 
of relations at depth where plastic flow occurs. 
Bader (1951, p. 524-525) reports complex in- 
tergrowths in what he terms “active ice’’ in 
Malaspina Glacier and in cores from 200 feet 
deep in the Juneau ice field. However, he also 
found groups of crystals without intricate in- 
tergrowth in “active” Malaspina ice, and a simi- 
lar condition exists in the Kiwa Glacier in 
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British Columbia (R. T. Chamberlin, 1940, 
p. 50). Much more information is needed on 
intercrystalline relations, especially for ice deep 
within a glacier. If the intricate intergrowths 
develop largely after the ice ceases to flow, as 
seems possible, they are not a compelling argu- 
ment against intergranular movements. A 
more significant point is the strong preferred 
crystallographic orientation found in glaciers. 
If intergranular movements are predominant, 
there seems little reason why a preferred crystal- 
lographic orientation should develop and every 
reason why it should be destroyed. 

Intergranular shifting may be a significant 
and even dominant mechanism of flow in cer- 
tain situations, but it is not considered a likely 
mechanism for ice with a preferred crystallo- 
graphic orientation. Since this appears to in- 
clude most glacier ice, intergranular shifting is 
considered a relatively minor contributor to 
glacier flow. 


Intragranular Vielding 


Yielding of ice along intragranular glide 
planes has long been recognized (McConnel, 
1890, p. 259; 1891, p. 325; Miigge, 1895, p. 213), 
and demonstration of the fact that crystals in 
glaciers have strong preferred orientations, 
Renaud (1951, p. 210) notwithstanding, has 
established intragranular gliding as one of the 
favored mechanisms of glacier flow. A sugges- 
tion that gliding is facilitated by intracrystal- 
line saline films (Quincke, 1905, p. 543, 545; 
von Engeln, 1915, p. 470; Dobrowolski, 1923, 
p. 134, 140) has been bandied about for years 
(Hawkes, 1930, p. 116), but it is not supported 
by recent investigations (Renaud, 1949, p. 323). 
If Bjerrum (1952, p. 389) is right in relating 


gliding to molecular turns in ice crystals, the , 


gliding rate should decrease rapidly as the 
temperature is lowered, and this checks with 
experimental observation (Glen, 1953). 

The major problems related to this mech- 
anism are: to discover the means by which a 
favored orientation is developed, to ascertain 
what relation exists between stress, crystal 
orientation, and glide planes, to allow the 
crystals distorted by gliding to reorganize 
periodically so that they are not grossly 
elongated and flattened, and to evaluate quanti- 
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tatively the role of intragranular gliding in 
glacier flow. 

Field (Matthes, 1942, p. 172; Perutz, 1947, 
p. 49-50) and laboratory (Tarr and von Engeln, 
1915, p. 107; Bader, 1939, p. 55-60) observa- 
tions show that under stress ice crystals as- 
sume a preferred orientation. Mechanical rota- 
tion is not highly regarded as a cause except by 
Cornelius (1952, p. 11), possibly because of 
doubt that rotation would cease at the position 
of favored orientation. Demorest (1941) pro- 
posed a process of instantaneous recrystalliza- 
tion involving atomic and molecular reorganiza- 
tion which reproduces the same lattice struc- 
ture but with a different orientation. Elucida- 
tion of this concept was prevented by his death, 
although a fuller presentation is now avail- 
able (Demorest, 1953). The direct relation be- 
tween crystal size and preferred orientation, 
plus the lack of evidence for mechanical twin- 
ning or recrystallization around new nuclei, 
led Perutz (1940, p. 134) and Cornelius (1952, 
p. 11) to suggest that crystals favorably oriented 
for gliding under a directed stress grow at the 
expense of those not so oriented until the latter 
are eliminated (Perutz and Seligman, 1939, 
p. 356). This is presumed to occur because of 
differences in internal energy of the crystals. 
For the moment, Perutz’s mechanism is gen- 
erally favored, although it may actually involve 
a progressive or step-by-step instantaneous re- 
crystallization and a migration of crystal 
boundaries. 

If intracrystalline gliding is a significant 
process, the lack of distortion of crystal shapes 
needs explanation (Chamberlin and Salisbury, 
1909, p. 321). With a few exceptions (Bader, 
1951, p. 525), notable and consistent elonga- 
tion or flattening of crystals in glaciers has not 
been observed. Perhaps groups of neighboring 
ice crystals undergo some type of communal 
recrystallization if one or more individuals are 
distorted beyond a certain limit. Or, possibly 
constant migration of crystal boundaries, as 
demonstrated in model experiments (Bragg 
and Nye, 1947, p. 477-479), permits frequent 
reorganization so that the crystals maintain 
fairly consistent shapes despite gliding. 

The demonstrated ability of ice to yield by 
intracrystalline gliding and the preferred orien- 
tation of crystals in glaciers make this a favored 
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mechanism of ice flowage, but problems re- 
main, and a quantitative evaluation of this 
mechanism is lacking. The possibility that ice 
crystals yield along planes other than the base 
needs further investigation. 


FLow-VELOcITY RELATIONS IN GLACIERS 
Introductory Statement 


Different rates of glacier flow in time and 
space have been extensively studied. Un- 
fortunately, an English digest of the consider- 
able foreign literature on this subject is not 
available, but summarizations can be found in 
Heim (1885, p. 144-185), Hess (1904, p. 115- 
150; 1933, p. 36-46, 72-81), Drygalski and 
Machatschek (1942, p. 106-118), and Klebels- 
berg (1948, p. 80-89). Studies of movement in 
the Rhone, Hintereis, Vernagt, and Gepatsch 
glaciers in the Alps are among the more ex- 
tensive, and a map showing velocity distribu- 
tion over the entire surface of the Hintereis 
Glacier is available (Hess, 1904, p. 136). 


Velocity Distribution in Space 


Most everyone is aware that the center of a 
valley glacier flows more rapidly than the 
margins, and the top faster than the bottom, 
but other aspects of velocity distribution are 
less widely known. Currents of different sur- 
face velocity can exist side by side within a 
valley glacier and the central current need not 
be the fastest (Battle, 1951, p. 560; 1952, p. 
15). More significant is the fact that in some 
rapidly flowing glaciers nearly the entire in- 
crease of velocity, as measured along a trans- 
verse surface profile, occurs in a narrow zone 
near the sides with the rest and larger part of 
the glacier moving at a nearly uniform speed 
(Finsterwalder, 1937, p. 96-98; 1950, p. 385). 
This characterizes Block-Schollen flow. 

Surface velocity also changes longitudinally 
from the head to the terminus of a valley 
glacier. Apart from differences related to 
changes in channel characteristics, velocity in- 
creases progressively downvalley from the 
head, attains a maximum near or a little be- 
low the firn limit, and then decreases pro- 
gressively toward the terminus (Hess, 1904, p. 
128-148; 1933, p. 38-41; Finsterwalder, 1937, 
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p. 92-93; Drygalski and Machatschek, 1942, p. 
108-119; Renaud, 1952, p. 54). This is pre- 
sumably caused by the progressive increase in 
volume of ice down to the firn limit and a pro- 
gressive decrease below that position (Reid, 
1896, p. 912). 

It has been known since the days of Forbes 
(1859, p. 156), and most clearly shown by 
Reid (1896, p. 917-918; 1901, p. 750), that the 
direction of flow in a valley glacier is mostly 
not parallel with its floor nor with its upper 
surface. In the accumulation area movement 
at the surface is directed obliquely downward, 
and in the ablation area obliquely upward. 
The same relations hold in a cirque glacier 
(McCall, 1952, p. 124). This is necessary, of 
course, if the glacier is to maintain a reason- 
ably consistent thickness and surface profile in 
the face of differential accumulation and abla- 
tion. Further quantitative investigation of this 
relation is in order, as it has been largely over- 
looked by glaciologists for nearly half a cen- 
tury. 

A present need is for more information on 
velocity change with depth in ice masses resting 
on slopes and on flat surfaces. The problem is 
under attack, and some data on velocity dis- 
tribution in vertical profiles are being obtained 
(Gerrard, Perutz, and Roch, 1952; Sharp, 
1953). 


Variation of Velocity with Time 


Attention is confined to velocity variations 
involving periods ranging from a few hours to a 
year. Fluctuations caused by climatological 
changes of longer duration are not considered. 
Temporal variations of flow have so far been 
measured wholly on glacier surfaces, and it 
must be recognized that movements in the 
crust represent, at least in part, a conditioned 
response to flow within the glacier. Irregular, 
jerky movements at the surface do not neces- 
sarily imply similar behavior at depth. 

In many valley glaciers, the terminal part of 
the tongue is reported to have a greater than 
average velocity in summer and the head a 
greater than average velocity in winter (Forbes, 
1859, p. 132; Deeley and Parr, 1914, p. 163; 
Hess, 1933, p. 73; Streiff-Becker, 1938, p. 20; 
Carlson, 1939, p. 246; Drygalski and Machat- 
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schek, 1942, p. 109-110, 198; Klebelsberg, 
1948, p. 87; Haefeli, 1948, p. 199; 1951, p. 
497). The magnitude of this variation has been 
a matter of some debate, but the latest work 
indicates departures of at least 10-15 per cent 
from the average (Pillewizer, 1949, p. 29-30) 
and possibly greater in some instances (Selig- 
man, 1947a, p. 15; Haefeli, 1948, p. 199). The 
summer maximum near the terminus is usually 
attributed to higher temperature and more 
meltwater, and the winter maximum near the 
head to greater pressure caused by additional 
snow. 

An increase of pressure provided by snow 
accumulation seems a likely cause for the 
greater winter velocity near the head, because 
the change of pressure need not be great (Reid, 
1896, p. 926-927). Orowan (1949, p. 232-233) 
calculates that flow rate changes so rapidly with 
stress than an increase of about 1 per cent in 
the weight of a glacier increases the flow rate 
roughly 100 per cent. Another factor is creep 
within the newly deposited snow, which con- 
tributes to the velocity as measured on the 
snow surface (McCall, 1952, p. 126). The role 
of such creep has not been determined, and it 
would not effect markers firmly anchored in the 
underlying ice. 

Haefeli (1948, p. 199) is skeptical of the pres- 
sure hypothesis and postulates that the greater 
winter velocity is due to a rise in temperature 
of the ice at depth caused by damming up of 
heat flow from the earth through the insula- 
tion afforded by the mantle of winter snow. This 
is said to cause a rise of the 0° isotherm within 
the glacier, bringing more ice to the pressure- 
melting point where flowage occurs more readily. 
This idea is unsound, as it requires conduction 
of heat from a colder to a warmer area within 
the ice, a physical impossibility. The base of the 
glacier always has a slightly lower melting 
temperature than the ice above owing to the 
greater pressure at depth. 

Explanations offered for the greater summer 
velocity in lower reaches of a glacier are not 
convincing. It seems unlikely, in view of great 
differences in length of the glaciers concerned, 
that the summer maximum in the tongue is 
simply the winter velocity increase from higher 
up that has moved down the glacier. Since the 
lower reaches of most glaciers are covered by 
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snow in winter, the factors causing the summer 
velocity maximum must have a greater effect 
on velocity than the snow cover in the lower 
reaches and a smaller effect in the higher reaches 
of the glaciers. 

An increase of pressure appears an unlikely 
cause for the greater summer velocity. The only 
obvious source of increased pressure in summer 
is meltwater which runs onto the glacier from 
its higher parts and from the valley walls. This 
seems quantitatively insufficient for it would 
have to outweigh the effect of the winter snow 
and to compensate for the loss of weight by 
melting and runoff. 

Change in temperature alone also seems an 
inadequate cause for faster flow in summer, 
especially for temperate glaciers in which most 
of the ice is continuously at the pressure- 
melting point. Annual changes of temperature 
penetrate only the uppermost 50-60 feet of the 
ice. If the velocity variation were related solely 
and directly to temperature, then it would have 
to occur within the uppermost crust of the 
glacier. In view of its magnitude this seems un- 
likely. The possible effects of meltwater from 
surface ablation are more encouraging but 
difficult to evaluate. Such water might promote 
intergranular shifting by penetrating grain 
boundaries, or it might facilitate basal slip by 
lubricating the ice-rock contact. An objection 
to either type of meltwater lubrication is the 
relative impermeability of glacier ice (Perutz 
and Seligman, 1939, p. 341; Haefeli, 1948, p. 
197-198; Renaud, 1951, p. 211), although recent 
studies (Bader, 1950, p. 448) suggest that dense 
glacier ice is not as impermeable as previously 
thought. However, proof is needed that melt- 
water facilitates intergranular yielding, and 
even more necessary is proof that intergranular 
shifting plays a significant role in glacier flow. 
Basal lubrication by meltwater is highly re- 
garded in some instances (Drygalski and 
Machatschek, 1942, p. 110; Odell, 1945, p. 275), 
but no consideration seems to have been given 
to the rate and means by which the water 
reaches the floor beneath thick ice. Penetration 
along intergranular boundaries appears the 
most likely means, but whether it is quantita- 
tively sufficient is not known. Nonetheless, 
lubrication by meltwater, largely on the glacier’s 
floor, appears the most promising explanation 
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for the greater summer velocity. Perhaps this 
can be tested when suitable means have been 
devised for measuring the slip of a glacier over 
its bed. 

Variations in glacier velocity over intervals 
of less than seasonal or annual duration have 
been reported, but attention is here focused on 
diurnal variations, for the basic relations and 
causes are probably the same. Greater move- 
ment by day than by night has been recorded on 
a number of glaciers (Hess, 1933, p. 79; Wash- 
burn and Goldthwait, 1937, p. 1662; Krasser, 
1939, p. 300-301; Drygalski and Machatschek, 
1942, p. 111-112; Klebelsberg, 1948, p. 86; 
Battle, 1951, p. 561-562; 1952, p. 16). The 
greater day-time flow is usually attributed to 
higher temperature (Krasser, 1939, p. 302) and 
greater incoming radiation with an accompany- 
ing meltwater-lubrication effect, and the close 
conformity of radiation and movement curves 
is impressive (Drygalski and Machatschek, 
1942, p. 112; Klebelsberg, 1941, p. 375; 1948, 
p. 86). If temperature and radiation are the 
causes, then only a thin surficial crust of the 
glacier takes part in the velocity change, for 
diurnal fluctuations of temperature can pene- 
trate not more than a few inches (Sharp, 
1951a, p. 482), radiation in perceptible amounts 
not much more than 1 meter (Gerdel, 1948, p. 
370), and meltwater not much more than a 
few feet except through open cracks (Sharp, 
1951b, p. 250). The velocity change is small 
enough so that it could conceivably be wholly 
surficial, especially if slip along discrete shear 
planes lubricated by meltwater is involved. 

Another influence that has not been con- 
sidered is the effect that changes in atmospheric 
pressure may have on velocity. If glaciers are 
as pressure sensitive as earlier suggested, is it 
within the realm of possibility that they re- 
spond to changes of atmospheric pressure even 
though such variations are quantitatively 
small? A one-inch variation of barometric pres- 
sure changes the pressure at the base of a glacier 
1000 feet thick by a little more than 0.1 per 
cent. This might change the velocity by 10 
per cent, but many diurnal velocity fluctuations 
are close to 50 per cent. Since diurnal barometric 
pressure changes are normally much less than 
1 inch, this factor by itself hardly appears ade- 
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quate unless glaciers are even more pressure 
sensitive than assumed. 

Reports of diurnal velocity variations in 
glaciers must be judiciously inspected, because 
the observing instrument, unless properly 
handled, can undergo a diurnal wandering in 
sympathy with changes in radiation and tem- 
perature that may completely obscure the 
variations of flow over a 24-hour period. 
Changes in refraction of light between the in- 
strument and the target related to changes in 
temperature lapse rates also may give an ap- 
parent diurnal movement of the target (R. C. 
Hubley, Personal communication). Instru- 
mental errors can be eliminated by suitable 
observational set-up and procedure, but re- 
ports of upvalley movement of ice streams at a 
specific time of day suggest that such care has 
not always been exercised (Russell, 1901, p. 
162). Many of the diurnal fluctuations in 
glacier flow now on record may actually repre- 
sent diurnal instrumental wanderings. 


Movement of Waves, Bulges, or Surges 
Through Glaciers 


The movement of waves or surges of in- 
creased velocity and bulges of increased thick- 
ness through a glacier independent of its nor- 
mal flow have been postulated (Reid, 1895, p. 
281-282), because increased accumulation in 
the névé makes itself felt at the terminus long 
before any of the new material can be trans- 
ported that far (Hess, 1931, p. 228-240; 
Streiff-Becker, 1938, p. 18-19). This was 
spectacularly demonstrated by sudden ad- 
vance of several glaciers in the Yakutat Bay 
region, Alaska, a few years after the severe 
earthquake of 1899 which shook down much 
ice and snow onto the heads of these ice streams. 
(Tarr, 1907, p. 282; Tarr and Martin, 1914, p. 
168-172, 185). 

Studies of the Hintereis Glacier suggest that 
two types of waves or surges move through 
glaciers as a result of increased accumulation 
(Deeley and Parr, 1914, p. 165-166; Hess, 
1933, p. 94-95; Klebelsberg, 1948, p. 87-88). 
The first is a pressure wave, manifested by in- 
creased velocity, which travels 20-150 times 
as fast as the glacier. The second is a bulge of 
increased thickness with a velocity only 3 or 
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4 times that of the glacier. Progressions of such 
bulges down glaciers have been recorded (Fin- 
sterwalder, 1937, p. 99; Perutz, 1947, p. 49; 
Klebelsberg, 1948, p. 87-88), and one is cur- 
rently under observation in Nisqually Glacier 
on Mt. Rainier (Harrison, 1951, p. 11). The 
ogive-type bulges, so common below ice falls, 
may be of similar nature although smaller 
(Leighton, 1951, p. 580; Haefeli, 1951, p. 498), 
and no one seems to have suggested that they 
may move independently through the glacier. 

The passage of waves or surges through a 
glacier can be a rather subtle phenomenon 
which easily escapes detection. Many more 
field data are needed, for the phenomenon 
should be susceptible to theoretical treatment 
once the basic relations and parameters are 
known. The effects upon terminal behavior of 
glaciers make this a matter worthy of further 
investigation, for it may provide an explana- 
tion of the seemingly erratic behavior of some 
glacier snouts. 


MopEs OF GLACIER FLOW 


Interest in modes of glacier flow was stimu- 
lated by Demorest’s (1942, p. 31-38; 1943, p. 
365-373) exposition of gravity and extrusion 
flow. These concepts were by no means original 
with Demorest, but his analysis of the mechan- 
ics involved constituted a new approach. 
Gravity flow occurs in ice masses resting on 
sloping floors. Movement is essentially parallel 
with the floor and is greatest at the surface. 
Extrusion flow is attributed to pressures arising 
principally from differences in ice thickness, 
and it involves flow from areas of high pressure 
(thick ice) to areas of low pressure (thin ice). 
Maximum movement occurs in supposedly 
more plastic ice near the bottom. The ideal 
situation for extrusion flow is a large ice sheet 
of gentle surface slope resting on a level floor. 
Demorest recognized that both types of flow 
may be obstructed by natural barriers and es- 
pecially, in the instance of extrusion flow, by 
less mobile ice. This produces obstructed grav- 
ity flow and obstructed extrusion flow by which 
ice is moved toward the surface. Of the two, 
obstructed extrusion flow should be the more 
common as it should occur to some degree 
within the ablation zone of nearly all glaciers. 
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MODES OF GLACIER FLOW 


Little objection has been raised to gravity 
flow. Earlier treatments derived a gravity 
flow curve for valley glaciers (Reid, 1896, p. 
916-917; Visser, 1938, p. 108), and many 
glaciologists accept the concept (Hess, 1931, 
p. 231; 1933, p. 41; Lagally, 1939, p. 198). The 
reception of extrusion flow, on the other hand, 
has ranged from enthusiastic endorsement 
(Matthes, 1942, p. 179-181, 187-188; 1943, 
p. 14-15), through reserved and relatively non- 
committal inspection (Seligman, 1947a, p. 18; 
Perutz, 1947, p. 48), to strong skepticism 
(Orowan, 1949, p. 233-236; Lewis, 1949a, p. 
156; Clark and Lewis, 1951, p. 563; Nye, 1951, 
p. 565). 

Demorest’s contribution with respect to 
extrusion flow lies principally in devising a 
mechanism for it, as the possibility of greater 
flow at depth than at the surface was previously 
recognized (Tarr, 1911, p. 28-30; Philipp, 
1920, p. 549; Streiff-Becker, 1938, p. 10-11; 
Drygalski and Machatschek, 1942, p. 116, 
120-121, 125; Matthes, 1942, p. 187). Reid 
(1896, p. 916-917) had earlier deduced a be- 
havior resembling obstructed extrusion flow, 
and DeLury (1926; 1932, p. 258), in papers 
which seem to have escaped Demorest’s at- 
tention, clearly developed the concept and 
mechanism of extrusion flow and differed from 
Demorest only in attributing greater plasticity 
at depth to temperature rather than to con- 
fining pressure. Unfortunately, DeLury’s 
(1926, p. 273-274) analysis of thermal relations 
is erroneous, at least for temperate glaciers. 

An increase of plasticity with depth is neces- 
sary for extrusion flow (Demorest, 1942, p. 
36-37), and the possibility that this may not 
be true (Hess, 1937, p. 3-5) is advanced as an 
objection to the concept (Orowan, 1949, p. 
233; Lewis, 1949a, p. 156). However, ice may 
differ from other substances and may yield 
more readily under increasing hydrostatic 
pressure because of the volume change pro- 
duced by pressure melting and because of 
transmission of pressure and lubrication of 
grain boundaries by the meltwater so formed. 
Until the behavior of ice at the pressure-melting 
point under increasing hydrostatic pressure is 
determined, extrusion flow cannot be rejected 
on the basis of plasticity relations. Other con- 
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siderations are more significant (Nye, 1952a, 
p. 52). 

A second objection is based on calculations 
(Orowan, 1949, p. 235) showing that extrusion 
flow is impossible in a body with the shape and 
dimensions of the Greenland Ice Sheet because 
the resistance exerted by the floor and the 
crust of the glacier is too great. Nye’s (1951, p. 
565) analysis also shows extrusion flow to be 
mechanically unsound. The most telling ob- 
jection to extrusion flow, voiced in a general 
way by many persons and given quantitative 
expression by Nye (1952a, p. 53), is that the 
crust of the glacier must be carried along by the 
flow of the underlying layers. Hence the move- 
ment, even though pressure controlled, could 
not possibly constitute an extrusion. 

The calculations of Nye and Orowan, with 
one exception (Nye, 1952c, p. 83-86), assume 
that ice is a perfectly plastic substance with a 
fixed yield stress. This introduces a host of 
subsidiary assumptions and implications which 
are not implicitly stated and some of which do 
not conform to known physical properties and 
behaviors of ice. Actually, if ice is a perfectly 
plastic substance, its thickness on a specified 
slope could not exceed that at which flow is 
initiated. This does not check with field ob- 
servations showing that currently active glaciers 
were considerably thicker 100-200 years ago. 
If ice behaves as a “viscous” rather than a 
plastic substance under small stress with a low 
rate of strain, as suggested by Finsterwalder 
(1950, p. 386), and if the “viscosity” of ice 
changes with depth, calculations based on an 
assumption of perfect plasticity are not wholly 
applicable. Under such conditions extrusion 
flow might conceivably occur in a deep layer 
overlain by a thick crust, the relatively high 
viscosity of which endows it with an ability 
to resist the drag of the underlying layer. In 
other words, the mass and the viscosity of the 
upper layer might be such that the combina- 
tion of outwardly directed force and the out- 
ward drag of the underlying layer would not 
be sufficient to overcome its inertia and cause 
it to move as rapidly as the underlying layer. 
Such a possibility appears to be the only hope 
for extrusion flow, and it is a faint hope if the 
conditions are essentially static as Nye as- 
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sumes. The accelerations are probably so small 
that inertial considerations are insignificant. 

Field tests for extrusion flow are obviously 
desirable as a means of checking the theoretical 
analyses, and they have been initiated. De- 
formation of a pipe sunk 447 feet through the 
Jungfraufirn, presumably to its floor (Perutz, 
1949b; 1950a; 1950b), is being measured 
periodically by inclinometer. The first surveys 
covering the period, August 1948 to September 
1950, yielded gravity-flow curves (Gerrard, 
Perutz, and Roch, 1952, p. 552). The Jung- 
fraufirn is said to be so situated that extrusion 
flow, if there be such, should occur (Perutz, 
1949b), but this has not been demonstrated by 
direct evidence. If the floor beneath this 
glacier is level or inclined upvalley and if 
thrusts from steeply inclined ice masses at the 
edge of the accumulation basin are unlikely, 
the Jungfraufirn data constitute a severe blow 
to the concept of extrusion flow. Streiff-Becker’s 
(1953) criticism of the results does not seem 
justified in view of data available on thermal 
relations within the Jungfraufirn (Seligman, 
1941, p. 305). 

A second test is provided by a pipe which was 
sunk vertically 1000 feet into the Malaspina 
Glacier, Alaska, during the summer of 1951 
(Sharp, 1953). This appears to be an ideal situa- 
tion for extrusion flow, as the Malaspina, a large 
piedmont ice sheet covering roughly 1000 square 
miles, rests on a floor that, as shown by seismic 
reflections (Allen and Smith, 1953, p. 758), 
slopes gently against the direction of flow. A 
resurvey of this pipe in the summer of 1952 
gave a flow curve, with greater movement at 
the top than at the bottom, that is not con- 
sistent with extrusion flow. The pipe fails by 
950 feet to reach the glacier’s floor, but com- 
plete reversal of the flow curve is required if 
extrusion flow occurs at greater depth, and this 
seems highly unlikely. Further surveys are re- 
quired to confirm this tentative conclusion, as 
the total deformation of the pipe is slight, but 
the Malaspina test throws additional doubt on 
the validity of the extrusion-flow concept. 

At present some field glaciologists and glacial 
geologists are reluctant to abandon extrusion 
flow as a working hypothesis (Hollingworth, 
1950). It accounts for many of the structures 
observed in ice bodies and for many aspects of 
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glacier behavior suchas the flow of ice sheets over 
level floors or uphill, the movement of ice out 
of cirque basins or other depressions (Zumberge, 
1952, p. 27-29), adjustments of surface profile 
to accumulation and wastage, and the interrela- 
tion of individual ice streams in compound 
valley glaciers (Sharp, 1948, p. 184). Features 
of glaciated terrains recording divergences in 
direction of flow between surface ice and ice at 
depth within large glaciers burying rough 
topography (Hollingworth, 1931, p. 345-352; 
Holmes, 1937, p. 225) can be accounted for by 
extrusion flow. Details of arrangement and 
trend of striae on glaciated rock surfaces sug- 
gest that the flow of basal ice is controlled by 
pressure (Demorest, 1938, p. 706-713), and 
direct observations at shallow depths confirm 
this (Carol, 1947, p. 58; Battle, 1950; Haefeli, 
1951, p. 496). Since these are small-scale 
phenomena and may be related to local directed 
stresses, their significance with respect to ex- 
trusion flow is open to question (Orowan, 1950). 
Nonetheless, whatever the cause, Carol’s 
(1947, p. 58) observations show that a thin 
layer of ice near the bottom may have a greater 
velocity than the overlying ice which need not 
be “dragged” along at the same velocity. 

If extrusion flow proves unsound, what are 
the alternatives? Orowan (1949, p. 236) men- 
tions the possibility of gravity movement 
along inclined planes within an ice sheet which 
Demorest (1942, p. 33, 37, 44) notes but con- 
siders to be local and minor. Nye (1951, p. 
568-571) ‘calculates that flow in an ideal ice 
sheet occurs along planes sloping outward and 
with a dip changing from 45° at the surface to 
tangency with the bed. This leaves a large 
conical mass of inactive ice at the center, 
which does not check with evidence from areas 
formerly covered by ice sheets. Furthermore, 
no structures have been reported in ice sheets 
that might be related to the type of movement 
postulated by Nye; certainly nothing like this 
was seen in Malaspina Glacier. 

Lewis and associates (Lewis, 1949a; 1949b; 
1950; Clark and Lewis, 1951) picture a type of 
rotational slippage within thin ice in a cirque, 
below an ice fall, or at the terminus of a glacier, 
similar in effect but different in mechanics from 
a concept earlier proposed by Gibson and Dy- 
son (1939, p. 687-692). Rotational slippage 
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involves movement along curved shear sur- 
faces within the ice and along the bed (McCall, 
1952, p. 126), if of proper shape, with rotation 
about an essentially horizontal axis above the 
glacier. The motive force is furnished by un- 
equal accumulation or distribution of snow and 
ice. Field evidence assembled in support of this 
concept is impressive, analysis of the mechanics 
seems valid, and theoretical calculations (Nye, 
1951, 1952c, p. 86-89) lend support. It war- 
rants serious consideration with respect to the 
movement of thin ice in the situations listed. 
However, rotational slip accounts for only a 
small part of the total movement of a glacier 
(Clark and Lewis, 1951, p. 546), and it is not 
a complete substitute for extrusion flow, es- 
pecially in ice sheets. 

Longitudinal forces exerted by moving ice 
have been minimized by some (Deeley, 1895, 
p. 415), emphasized by others (T. C. Chamber- 
lin, 1904, p. 204), and were early considered an 
explanation for the uphill movement of glaciers 
(Chamberlin and Salisbury, 1909, p. 321). 
Longitudinal forces are especially significant 
wherever a velocity change occurs, and they 
account for some structures observed in glaciers. 
Fundamentally, of course, longitudinal forces 
are the cause of glacier movement whether it 
be by gravity flow, extrusion flow, or some other 
mechanism, and they enter into older calcula- 
tions (Hess, 1931, p. 233-235, 239; 1937, p. 
14-15) as well as those of more recent date 
already cited. However, it seems unlikely that 
longitudinal forces of any magnitude are trans- 
mitted very far through a glacier. A glacier 
with a thickness of more than 100 or 200 feet 
is not shoved uphill or across a flat reach by a 
push from behind. Instead, longitudinal] forces 
act chiefly by causing the ice to thicken and the 
surface slope to steepen so the glacier can flow 
across the flat or up the hill because of the slope 
of its upper surface. Nye (1952b, p. 529; 
1952c, p. 92) emphasizes that the direction and 
degree of slope of the glacier surface control 
the direction of flow. The qualification ‘across 
reaches of gentle slope or uphill” might be 
added, because the force related to surface 
slope may be outweighed by the tendency of 
the glacier to slide down a sloping floor. 

These considerations lead to an interesting 
deduction concerning relations between sur- 
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face topography on an ice sheet and the form 
of its subglacial floor, wherein steeper slopes on 
the surface should mark places where the sub- 
glacial floor rises rather than falls. The steepen- 
ing of the slope should be appreciable for it 
must force the ice uphill and at the same time 
provide an increased velocity of flow owing to 
the reduced cross section. A possible con- 
firmation of this deduction is furnished by 
seismic reflections along part of a profile across 
Malaspina Glacier which suggest that a marked 
steepening of the surface slope is related to a 
reverse slope on the glacier’s floor. 

In summary, theoretical analyses throw 
great doubt on the validity of the extrusion 
flow concept, and these doubts are strengthened 
by field tests which fail to demonstrate greater 
movement at depth. Even though the theo- 
retical analyses involve gross simplifications 
and unconfirmed assumptions as to the be- 
havior of ice deep within glaciers, and even 
though the field tests are not beyond criticism 
because of unknown aspects of their environ- 
ment, there seems little justification for cling- 
ing stubbornly to the concept of extrusion flow. 
Efforts should be directed to finding an alter- 
native which is compatible with geological and 
glaciological field observations and at the same 
time conforms to sound mechanical principles. 
The best alternative yet proposed is Nye’s 
(1952c, p. 86-89) extending and compressive 
flow but it, too, needs testing and further 
analysis. It is based on the assumption of 
perfect and constant plasticity, but ice may 
actually behave as a substance of changing 
plasticity or “viscosity”. Furthermore, the 
analysis has not been extended to the uphill 
parts of a glacier’s floor (Nye, 1951, p. 563). 
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Permafrost is estimated to occur in areas totaling about 26 per cent of the land area 
2 glacier of the earth. Permafrost is as much as 2000 feet thick in Siberia and 1300 feet thick in 
: f Alaska, where its minimum temperature is —12°C and —10°C respectively. As it is de- 
ee 7 fined on the basis of temperature, its composition varies over wide limits. Ice is one of 
9, p. ‘ the most important components, and large masses commonly are in the form of ice 
wedges. Structures in ice wedges are generally smaller and more complex than those in 
angren- glacial ice. Dimensional and optic-axis lineations and foliations of inclusions of air bubbles, 
*.. _ organic matter, and clastic material occur in all wedges. Not all structures and orienta- 
yes. tions of ice crystals in ice wedges can be explained. 
dies and ot Permafrost results when the net heat balance of the surface of the earth over a period 
sci., vol. of several years produces a temperature continuously below 0°C. Although the general 
; thesis of the problem is relatively simple, it is extremely complex in detail. Complete 
vol. 80, freezing of bedrock for long periods of time has little geologic aftereffect, except through 
(1937) control of movement of ground water. Freezing of mantle completely eliminates ground- 
Crillon water movement, preserves organic remains indefinitely, reduces or prevents mass move- 
vol. 48, ments within the frozen material, and promotes frost action in the overlying active layer. 
Most emphasis has been given the engineering aspects of permafrost. The volume of litera- 
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INTRODUCTION recent years has it received the attention it 


Permafrost is perennially frozen mantle or 
bedrock. It occurs in the earth wherever a tem- 
perature below 0°C remains for several years, 
whether the material is actually consolidated by 
ice or not. Its presence in northern latitudes has 
been known for several centuries, but only in 


merits in North America. Were it not for the 
construction difficulties encountered by our 
military forces in the subarctic during World 
War II, the rapid strides in the science in the 
past 10 years would not have occurred. 
Distinction between problems in permafrost 
and seasonal frost (Univ. Minnesota, 1950) 
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and in glacial ice and ground ice commonly 
cannot be made, and progress in one field serves 
the other (Black, 1951a). Similarly, the progress 
in archaeology, soils, climate, hydrology, 


TABLE 1.—EXTENT OF PERMAFROST 
(Millions of square miles) 
(Data derived in part by planimetry from Figure 1.) 





N. | 
Zone | Eurasia ggN | Gm | AREA) Total 
| | Total | 
Continuous...| 1.43 | 1.52 | 2.95 | 5.07 | 8.02 
Discontinu- | 
ous........| 1.43 | 1.43 | 2.86 | .... | 2.86 
Sporadic... .. | 1.47 | 1.35*, 2.82 | .... | 2.82 





| | 
Subtotals. .| 4.33 | 4.30 | 8.63 | 5.07 13.70 
| 


* Includes 0.09 in the United States 


geomorphology, geochronology, and other as- 
pects of the natural sciences commonly ad- 
vances permafrost research; see, e.g., Ahlmann 
(1953), Ayers and Campbell (1951), Berger 
and Saffer (1953), Breazeale et al. (1951), 
Brooks (1951), Deevey (1951), Dylik and 
Klatka (1952), Evans ef al. (1951), Firbas 
(1951), Haley (1953), Hare (1951), Hopkins 
and Giddings (1953), Johnson (1952), Joues 
and Kohnke (1952), Lettau (1951), Mason 
(1950), McAlpin (1953), Richards (1950), 
and Rider and Robinson (1951). Within the past 
10 years literally hundreds of articles have been 
written on permafrost and related fields. Many 
are in languages other than English; however, 
if they are available in this country, generally 
they have been annotated, reviewed, ab- 
stracted, or translated into English. Unfor- 
tunately, not all are available to individuals 
outside the Federal Government. The U. S. 
Army, the U. S. Air Force, the U. S. Geological 
Survey, and other Federal agencies are ab- 
stracting foreign literature and are carrying 
on basic research projects directly or by con- 
tract. Some of their findings now are being 
made public. The Snow, Ice, and Permafrost 
Research Establishment (SIPRE), Corps of 
Engineers, U. S. Army, by contract, is pre- 
paring an annotated bibliography of snow, ice, 
and permafrost (Library of Congress, 1951; 
1952; 1953) and is publishing many translations. 
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The Russians have led the world in the 
number of research projects and in the volume 
of publications on permafrost. However, we 
have caught up with them in the status of 
knowledge in some basic phases of the subject, 
and may even have passed them in others. 
Yet our approach to many of the problems is 
still qualitative, whereas theirs has been largely 
quantitative for many years. We have numer- 
ous laboratories in the United States for 
cryological research, but only one Arctic and 
one subarctic permafrost research station 
(SIPRE, 1951) with limited facilities and scope. 
Conversely the Russians have more than 30 
natural science research stations of broad scope 
in permafrost areas. Permafrost surveys prior 
to construction are mandatory in the Soviet 
Union. In this country many individuals and 
organizations know little about the subject 
and do not recognize its significance in works of 
man, in geologic processes, or in biologic de- 
velopment in the subarctic and Arctic. For- 
tunately, this situation is changing rapidly. The 
more recent textbooks on soils and engineering 
contain references to permafrost, e.g., Spangler 
(1951) and Tschebotarioff (1951), and many 
geologists and botanists are utilizing their 
knowledge of permafrost in interpreting past 
environmental conditions. 

Since the revised compilation of Muller 
(1945) was reprinted (1947), several other sum- 
maries and reviews with different purposes have 
appeared, e.g., Black (1950; 1951b; 1953a), 
Cailleux +(1948), Frost (1950), Gringmuth 
(1951), Hare (1951), Horner (1950), Jenness 
(1949), Johnson (1952), Lovell and Herrin 
(1951), Ray (1951), and Terzaghi (1952). This 
review supplements Black (1951b). No attempt 
is made to duplicate or to compare the other 
reviews or to discuss all aspects of permafrost 
and its relation to the natural sciences. An 
effort is made to cite new literature and to 
mention unpublished findings. Because of the 
writer’s interest in ground ice that phase of 
permafrost research is emphasized. 


EXTENT 


According to the writer’s estimate about 
2,950,000 square miles of land in the Northern 
Hemisphere is underlain with almost continuous 
permafrost (Table 1; Fig. 1). In the continuous 
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zone in northern Alaska, from calculations and 
limited field observations, it seems likely that 
only those lakes more than about 0.4 mile in 
diameter and more than 6 feet deep (c/., Weren- 
skiold, 1953), those rivers whose active flood 
plains are more than 0.4 mile wide, and areas 
of thermal activity are not underlain by perma- 
frost. South of the continuous zone in the 
Northern Hemisphere permafrost is divided 
into large discontinuous bodies in an area of 
about 2,860,000 square miles. Especially 
toward the southern border of the zone the 
larger lakes and rivers, entire slopes of some 
south-facing hills, and some well-drained valleys 
are not underlain with permafrost. Farther 
south permafrost becomes more and more 
sporadic until it disappears. The approximate 
area in which isolated bodies of permafrost are 
reported to occur (Fig. 1) is about 2,820,000 
square miles. These areas represent about 22 
per cent of the total land in the Northern 
Hemisphere (38,800,000 square miles). Ant- 
arctica (about 5,100,000 square miles) is wholly 
in the continuous zone of permafrost and 
makes up about 27 per cent of the total land 
area (18,700,000 square miles) in the Southern 
Hemisphere. About 24 per cent of the total 
land area of the earth (57,500,000 square miles) 
is thus in areas where permafrost is known. This 
value does not include isolated bodies of perma- 
frost that occur in the Alps (Streiff-Becker, 
1953; Fisher, 1953), Himalayas, Andes, and 
other high mountains, because data are cur- 
rently lacking on their distribution. Combined 
they may aggregate some 1,000,000 square 
miles, about 2 per cent of the land area of the 
earth. Perennial ice in caves is distributed 
widely in mountains outside the permafrost 
zones shown on Figure 1 but is very local in 
occurrence. 

In the Northern Hemisphere the southern 
margin of permafrost has receded northward 
in the past century (Bogdanov, 1934; Datskii, 
1937; Kachurin, 1938) as a result of the recent 
amelioration of the climate, and more bodies of 
“fossil” permafrost are being found (Muller, 
1952, p. 82-85). By inference from periglacial 
features (Ahlmann ef al., 1952) permafrost in 
glacial times apparently underlay most of 
Russia (Tumel, 1946) and northern Europe 
(Dimbleby, 1952; Dylik, 1951a; 1951b; 1952a; 
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1952b; Gallwitz, 1950?; Guilcher, 1950; 
Kellaway and Taylor, 1953; Lundqvist, 1951a; 
195ib; Macar and Van Leckwijck, 1949; 
Poser and Tricart, 1950; Schaefer, 1950; 
Schénhals, 1951; Steusloff, 1952; and Thorarins- 
son, 1951) and in North America extended 
southward into the United States beyond the 
limit of continental ice (Birman, 1952; Denny, 
1951; Horberg, 1951; Newcomb, 1952; Raup, 
1951; Ritchie, 1953; Smith, 1949; Wolfe, 1953). 
However, the origin of many of the features in 
the light of present knowledge is difficult to 
determine, and the exact meaning of these 
features in the interpretation of past climates 
is not known or is at least open to question 
(Black, 1952a, Knechtel, 1952; Newcomb, 
1952; Nikiforoff, 1952, Wolfe, 1951). Similar 
difficulties are encountered in use of other 
techniques in interpreting past climates (Hare, 
1953). 

The relative age and character of permafrost 
and its proximity to the surface commonly are 
correlative with surface features such as vegeta- 
tion and drainage phenomena (Péwé, 1947; 
1948). 


THICKNESS 


Permafrost in ground is thickest in that part 
of the continuous zone of permafrost that has 
not been glaciated. The maximum known thick- 
ness is reported to be at Nordvik in northern 
Siberia (I. V. Poiré, oral communication), 
where it is‘about 2000 feet. In North America 
the maximum measured thickness is 1030 feet 
near Cape Simpson in northern Alaska, and 
the maximum indicated thickness is 1300 feet 
near Barrow, Alaska (MacCarthy, 1952, p. 
591). The general range of thickness of perma- 
frost in the continuous zone is 800 to 1200 feet 
in northern Alaska and 1000 to 1500 feet in 
northern Siberia. In Alaska the general range 
of thickness in the discontinuous zone is be- 
tween 200 and 400 feet, and in the sporadic zone 
permafrost is generally less than 100 feet thick. 
Permafrost in ice caps in Iceland (Eypérsson, 
1953), Greenland (Holtzscherer, 1953, cross 
sections following p. 52, 54, 56, 58), Antarctica, 
and other places is several thousands of feet 
thick. In high mountains in temperate and 
tropical latitudes the thickness of permafrost 
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THICKNESS 


is not known, but probably is at most a few 
hundred feet. Negative temperatures penetrate 
several thousands of feet into the Polar seas 
but are not considered permafrost. The ocean 
floor in places is below 0°C and is permafrost by 
definition; it generally contains no ice because 
of high salinity. Perennial ice in caves outside 
of areas where permafrost normally occurs gen- 
erally is only a few feet or tens of feet in 
thickness. 


TEMPERATURE 


The temperature of permafrost at a depth of 
30 to 50 feet in the continuous zone generally 
is below —5S°C. Temperatures in northern 
Alaska commonly are —9° to — 10°C where the 
influence of large bodies of water is not felt 
(MacCarthy, 1952, p. 589). The minimum 
temperature recorded is —12°C in northern 
Siberia (I. V. Poiré, oral communication). 
Temperatures at depths of 30 to 50 feet in the 
discontinuous zone of permafrost generally 
are —1° to —5°C; and in the sporadic zone 
temperatures at depths of 30 to 50 feet in 
permafrost are commonly above —1°C. Notable 
differences in temperatures are common over 
distances of a few hundred feet or a few miles, 
especially in mountains where exposure is so 
important, and very low temperatures may be 
encountered in sporadic permafrost (Fisher, 
1953). 

Temperature gradients vary horizontally and 
vertically from place to place and from time to 
time. Below the depth of seasonal temperature 
change in northern Alaska vertical gradients of 
24 to 66 m/°C have been recorded (Black, 
195ib, p. 277; MacCarthy, 1952, p. 589). 
Vertical gradients below the depth of annual 
change become progressively steeper in dis- 
continuous and sporadic permafrost, generally 
as one goes south. In northern Alaska the writer 
has measured gradients of as much as 15 cm/°C 
horizontally and vertically at shallow depth in 
areas of high-centered polygons, where differ- 
ences of material, of insulating qualities of 
snow, and of exposure are extreme. Such 
seasonal effects are even more marked in the 
active layer. 
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COMPOSITION 
Introduction 


Permafrost is defined on the basis of tem- 
perature and thus may consist of any type of 
natural or artificial material, whether consoli- 
dated by ice or not. Ice is recognized as one of 
the most important components, and the writer 
finds it is convenient to refer to the water con- 
tent (generally but not always as ice) in terms 
of the available pore space. Thus the material 
is supersaturated if it contains more ice than 
pore space; it is saturated if it contains as much 
ice as pore space; and it is undersaturated if it 
contains less ice than pore space. For practical 
purposes in the field, when exact moisture rela- 
tionships are not available, it is relatively easy 
to distinguish these main types of materials 
with the aid of a hand lens. Supersaturated 
material invariably contains visible ice in ce- 
ment, granules, veinlets, and other forms that 
separate individual particles of rock or soil. 
Saturated rock has all pores filled with ice, and 
saturated sediment is firmly cemented with 
ice but lacks visible granules and veinlets of ice 
separating individual grains of the host 
material. Undersaturated material contains 
pores visibly lacking in ice and commonly is 
friable. These terms may be used to modify 
ordinary rock and sediment field terms. For 
example, an undersaturated gravel bed may lie 
below a supersaturated clay-silt bed and above 
a saturated fine-grained sandstone. 

The cold reserve (calories required to bring 
the material to 0°C and melt the contained 
ice—called frigories in France and Russia) is 
mapped easily for individual beds of different 
lithology and moisture content. Densities, heat 
capacities, thermal conductivities, and diffusivi- 
ties of the various materials vary widely but 
commonly are less important in determining 
the cold reserve and engineering significance 
than moisture content and distribution. 

Individual ice crystals in ground ice range 
from 0.1 mm or less to 70 cm or more in di- 
ameter. Aggregates of ice crystals are common 
in veinlets and dikelets similar to those in 
seasonally frozen ground (Johnson, 1952), in 
layers several inches thick, in irregular masses, 
and in large vertical wedges. These forms may 
be derived in many ways. 





Ice Wedges 


Ice wedges (Black, 1952a, p. 129-131) are a 
particularly striking and common form of clear 
ice in perennially frozen mantle in the continu- 
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wedges, with types of material in which they 
are found, and with ranges of ground tempera- 
tures. Leffingwell (1919), Black (1952a; 1953b), 
and Péwé (1952b) attribute their origin to the 
accumulation of ice in periodic contraction 
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perpendicular to axis of wedge and vertical. 


—T3 parallel to axis of wedge and vertical. 


FicurE 2.—SKETCH OF A SEGMENT OF AN ICE WEDGE, SHOWING MACROSCOPIC STRUCTURES 
“Fan-shaped’’ foliation of inclusions and air bubbles about parallel te the sides of the wedge, crisscrossing 
gently dipping layers of air bubbles and inclusions normal to the sides of the wedge, and vertical layers 
and alignment of bubbles and inclusions. Dimensional lineations of ice crystals and air bubbles are shown 





above on equal-area projections. 


ous zone of permafrost. They are less common 
in the discontinuous zone and are rare in the 
sporadic zone. The wedges range from short 
vertical dikelets less than 1 mm in width to 
massive wedges more than 10 m in width and 
10 m in height. Individual wedges commonly 
join in polygonal networks whose surface con- 
figurations range from the extremes of low- 
centered to high-centered types, with relief of 
a few inches to several feet. Sizes of individual 
polygons are correlative with ages of the ice 


cracks resulting from temperature changes; 
Diicker (1951) and Dylik (1952b) follow Taber 
(1943) who proposed that the wedges of ice 
segregated from water drawn up from below 
while the permafrost was forming. (See also 
Gallwitz, 1950?) In Northern Alaska ice wedges 
are growing today at the rate of perhaps 0.5 
to 1.5 mm per year (Black, 1952b). Wedges 
rarely grow in sporadic permafrost, and they 
grow more slowly on the average in the dis- 
continuous zone than in the continuous zone. 
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COMPOSITION 


Samples of ground ice are collected with ice 
picks, specially sharpened miner’s picks (Bader, 
1951a, p. 521), augers, and mechanized drills. 
At the Arctic Research Laboratory near 
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cross at any angle. Most air bubbles and inclu- 
sions are elongated vertically regardless of the 
orientation of the layer in which they are 
found; some are oriented normal to the layer, 











Thin sections cut 


parallel to axis of wedge and 
horizontal. 


perpendicular to axis of wedge 
90 and vertical. 


R parallel to axis of wedge and 
vertical, 


FicurE 3.—SKETCH OF A SEGMENT OF AN IcE WEDGE, SHOWING SOME TYPICAL ALIGNMENTS OF OPTIC 
AXEs OF ICE AND THE RESULTANT FABRIC D1AGRAMS. 


Barrow, Alaska, in 1949-1950 Black (1953b) 
prepared semipermanent thin sections using 
techniques modified from those of Demorest 
(1940; 1941) and temporary thin sections after 
the technique of Bader (1951a, p. 522). Fabric 
studies were accomplished with three universal 
stages handling slides from 1 inch square to 10 
inches s_uare. 

Structures in active ice wedges in northern 
Alaska are smaller and more complex generally 
than those in glacial ice (Black, 1951c; 1953b). 
All wedges (Fig. 2) have myriad layers of air 
bubbles and inclusions of organic material and 
soil, which commonly produce marked foliation 
subparallel to the sides. Other layers strike 
along the horizontal axis of the wedge and criss- 


and others are oriented in the basal plane of 
individual ice crystals. 

Grain size ranges from 0.1 to 100 mm; shapes 
are equidimensional, prismatic, to irregular; 
and boundaries are straight to sutured. Align- 
ment of long crystals is mostly vertical, but 
short crystals are commonly normal to the 
horizontal axis of the wedge and horizontal or 
inclined normal to a shear plane or fracture. 

Optic-axis lineation is present in all wedges, 
commonly in maxima of 10 to 35 per cent of 
axes in equal-area fabric diagrams. The major 
directions (Fig. 3) are: (1) vertical, (2) hori- 
zontal and normal to the horizontal axis of the 
wedge (normal to the axial plane of the wedge), 
(3) normal to the horizontal axis of the wedge 
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and inclined to one side or to both sides, (4) 
parallel to the horizontal axis of the wedge, (5) 
perpendicular to a particular structure, such as 
a shear plane, (6) horizontal in a particular 
shear plane, and (7) some other orientation, 
generally 30°-60° to the axis of the wedge and 
inclined 30°-60°. The first three directions are 
best developed and occur in most wedges. The 
fourth is widespread and persistent but of low 
percentage. The last three directions are 
especially common in fine-grained wedges and 
form pronounced maxima. Alternate grains or 
adjacent clusters of grains commonly make up 
two maxima a few degrees to 90° apart. 

In winter, tension fractures are partly filled 
with organic and mineral particles from the 
active layer and with minute ice crystals in 
which ¢ axes are locally oriented normal to 
cooling surfaces or are oriented diversely. In 
spring, some fill with melt water and inclusions. 
In summer, these fractures commonly become 
zones of shear during compression, and deforma- 
tion fabrics are produced. In the more rapidly 
growing wedges tiny crystals and complicated 
fabrics resulting from several cycles of compres- 
sion and tension are characteristic. In the less 
rapidly growing wedges large crystals and a 
well-developed vertical or nearly vertical fabric, 
presumably resulting from recrystallization 
and flow under pronounced vertical temperature 
gradients and considerable lateral compression, 
are produced. 

Individual grains respond to stress by strain, 
fracture, granulation, reorientation (apparently 
in large part to permit slipping on the basal 
pinacoid or rolling around the ¢ axis), and 
recrystallization. Movement within wedges is 
indicated by strained, fractured, and recrystal- 
lized grains, tension fractures, shear planes, 
offset layers of air bubbles and inclusions, 
domed upper surfaces of wedges, dragged sedi- 
ments on sides of wedges, and surface ridges. 
The wedges in places cut or grow into hori- 
zontal layers of ice of different origin. In places 
networks of ice wedges are superimposed on top 
of each other. 

Not all the structures and orientations of ice 
crystals in ground ice can be explained, because 
insufficient work has been done and because 
our knowledge of ice is too limited. The geom- 
etry of the crystal lattice is yet to be deter- 
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mined (Lonsdale, 1951). The response of an | 





ice crystal to shear by gliding on the basal plane | 
is accepted by most workers (e.g., Bjerrum, | 
1952; Owston, 1951; Bader, 1951b, p. 47). perma 


However, MacGregor (1951) compares glacial 
ice with quartz in dynamically metamorphosed 
sandstones and (1952) with metals, and he 


mentions some of the differences in the findings | 


of various investigators (e.g., Rigsby, 1951). 
Possibly other glide planes exist in ice crystals, 


or else flow and reorientation of crystal lattices | 


are involved in ways not yet explained. Ap- 
parently ice is not a true viscous fluid following 
Newton’s second law of motion (in which move- 
ment is proportional to stress), but discontinu- 
ous shear and creep operate together (Glen, 
1952; Haefeli, 1952; Ivanov and Lavrov, 1950; 
McCall, 1952; Nye, 1952). Glen (1953) recently 
stated that polycrystalline ice is like zinc or 
magnesium. Much is being learned about sur- 
face effects and lattice dislocations in growth 
and metamorphism of crystals, 
metals, that is applicable to ground ice re- 
search; e.g., American Society of Metals (1952), 
Alexander et al. (1951), Barrett (1952), Beck 
(1952), Brown (1952), Buckley (1951), Burke 
and Hibbard (1952), Burke and Turnbull 
(1952), Burton e al. (1951), Chang and Grant 
(1953), Chen and Mathewson (1952), Chen 
and Pond (1952), Dunn (1953), Gilman and 
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Read (1952), Gregg (1951), Gwathmey et al. | 


(1952), Hino et al. (1952), Li et al. (1953), 
Mellon Institute (1950), Nye (1953), Servi 
et al. (1952), Shockley (1952), Shockley et al. 
(1952), Smith (1952), Washburn and Parker 
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(1952), and Williams and Smith (1952). The 
. 


striking resemblance of photomicrographs of 


polished sections of many metal crystals to those * 


of ground ice or glacial ice, and similarities in 
orientations and shapes of grains in response to 
shear, compression, and temperature gradients 
suggest that workers from each phase of the 
science can learn and profit from the experi- 
ences of the others. 


GENESIS 


Permafrost results when the net heat balance 
of the surface of the earth over a period of 
several years produces a temperature con- 
tinuously below 0°C. As the temperature of 
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GENESIS 


the ground at the depth of no seasonal change 
is generally equal to the mean annual air tem- 
perature or at most only a few degrees from it, 
permafrost commonly is attributed to present 
climates. However, permafrost in the continu- 
ous zone probably existed for a long time in 
equilibrium with the climate, and hence was 
initially a product of the past. (Cf. Péwé, 
1952a.) Isolated bodies of permafrost some 
distance below the depth attained by seasonal 
freeze and thaw are in inequilibrium with 
present climate and are obviously a relic of 
the past. Although the general thesis of the 
problem is relatively simple, it is extremely com- 
plex in detail. Some of the primary factors in 
the heat exchange are (1) climatic—solar radia- 
tion, atmospheric radiation, counter radiation, 
air temperatures, wind, humidity, cloudiness, 
and precipitation; (1) chemical and physical 
characteristics of the ground—distribution, 
types, and textures of material, heat capacities, 
thermal conductivities, thermal diffusivities, 
and horizontal and vertical thermal gradients; 
and (3) the changing interface between the 
ground and atmosphere—the active layer, 
surface water, snow, vegetation, and their 
albedo (reflectivity). The factors in (3) com- 
monly are more important than the others in 
the heat exchange. Clothing helps regulate the 
heat gain or loss of the human body, and so too 
is the surface temperature of the earth regulated 
partly by the changing interface. Thus, areas 
in which the average annual air temperature is 
several degrees below 0°C may be free of perma- 
frost; conversely, areas with average annual air 
temperatures above 0°C may contain sporadic 
permafrost in equilibrium with the climate 
(Muller, 1952, p. 82-85). These conditions may 
be brought about by the fact that a thick, dry 


active layer covered with dry mosses and very. 


thick light snow provides excellent insulation; 
conversely, a thin, wet, active layer with little 
or no vegetation and with thin dense snow 
freezes quickly and becomes an excellent con- 
ductor. The interface changes markedly from 


. low to high latitudes and altitudes and so do 


the climatic factors (Sauberer and Dirmhirn, 
1950). Areas subject to periodic winter thaws 
may have lower ground temperatures than 
areas of continuous cold because the insulating 
effect of snow is lost on melting and refreezing. 
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Many complex factors must therefore be ex- 
amined in determining the local heat balance, 
and microclimatologic studies are obligatory. 
Glaciers are used as climatic indicators (Field 
and Heusser, 1952; Flint, 1951; Harrison, 1951; 
Hattersley-Smith, 1952), as are vegetational 
changes, radiocarbon dating (Libby, 1952), 
solar variations (Abbot, 1953), and other 
aspects of geochronology (Zeuner, 1952). 
Detailed chronologies, e.g., Hough (1953), are 
needed for comparative dating of many perma- 
frost phenomena, just as such phenomena aid 
in establishing local chronologies (Schwarzbach, 
1950; Wahrhaftig, 1953). 

Some of the climatic factors affecting ground 
temperatures have been examined recently by 
Aubert and Winston (1951), Brooks (1952), 
Craig (1951), Fritz (1951), Jacobs (1951), 
Prescott and Collins (1951), and White (1951). 
A selective annotated bibliography on soil 
temperatures has been prepared by Zikeev 
(1951). Crawford (1952) has reviewed the pub- 
lished records pertaining to soil temperatures 
and related factors, and Kersten (1952) has 
reviewed the thermal properties of soil. Local 
studies to determine the effects of climate and 
other factors on ground temperatures were con- 
ducted by Algren (1949), Bay et al. (1952), 
Black (1951d), Carter (1951), Crabb and Smith 
(1953), and West (1952). The rate of heat flow 
from the interior of the earth is becoming better 
known (Bullard and Niblett, 1951; Leith, 1952). 
Carlson (1952) and Langbein (1949) investi- 
gated the feasibility of calculating soil tem- 
peratures from air temperatures and data on the 
physical properties of the soil. Johnson (1952) 
has prepared a review of the literature on frost 
action, and a symposium on frost action in soils 
(Woods et al., 1952) provides several useful 
papers. A detailed geomorphic study of perma- 
frost in the Fairbanks area, Alaska, has been 
completed by Péwé (1952b). 


GEOLOGIC SIGNIFICANCE 


Complete freezing of bedrock for long periods 
of time has little geologic aftereffect, except 
through control of movement of ground water. 
Freezing of mantle eliminates ground-water 
movement, preserves organic remains in- 
definitely, and reduces or prevents mass move- 
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ments and landslides within the frozen material. 
These direct effects are locally very important 
in developing ground-water supplies, in the 
study of Pleistocene fossils, and in the geo- 
morphic development of the locality. In mantle 
the growth of ice wedges disturbs bedding 
planes and forces material from a depth of 
several feet to the surface. The detailed rela- 
tionship of the hydrologic regime of ground 
and surface water to permafrost is very com- 
plicated and is only qualitatively known in 
outline form. 

Indirect effects of permafrost are commonly 
more striking. The zone of annual freeze and 
thaw (active layer) over permafrost is subject 
to changes that are not present or, if present, 
are less frequent or less severe in seasonal frost 
zones in areas free of permafrost. Therefore 
soil structures and microrelief features are 
more widespread and better developed in areas 
of permafrost (Denny, 1952, p. 906). The active 
layer is commonly supersaturated, so that mass 
movements, frost heaving, frost thrusting 
(Yardley, 1951), frost stirring, and frost split- 
ting are commonplace. Patterned ground 
(Washburn, 1950), involutions, solifluction 
phenomena, block fields, and other micro- 
features result. The already voluminous litera- 
ture on the so-called ‘periglacial’ features, 
many of which formed under permafrost condi- 
tions, continues to grow (Aichele, 1951; Alimen, 
1951; Baeckeroot, 1951; Black, 1952a; Boesch, 
1951; Boyé, 1950; Cavaille, 1951; Corte, 1953; 
Demangeet, 1951; Domaradzki, 1951; Eberle, 
1952; Gloriod and Tricart, 1952; Heinzelin, 
1952; Hévermann and Poser, 1951; Lundqvist, 
1949; 1951b; Nangeroni, 1952; Poser and 
Miiller, 1951; Richmond, 1953). However, the 
writer believes that at times unjustified arbi- 
trary and universal application is made of 
periglacial processes or products. For example, 
in the Arctic Coastal Plain Province of northern 
Alaska laboratory and field studies of surficial 
materials indicate that frost splitting and 
churning are minor processes because of lack of 
repeated diurnal freeze and thaw, thinness of 
the active layer, paucity of sediments other than 
monomineralic fragments of quartz and chert, 
and low angle of slopes. Here, too, chemical 
leaching in the active layer is rapid because 
of abundant organic acids. The local lack of clay 
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is attributed to the lack of clay-forming min- 
erals and not to the slowness of chemical 
action. However, the situation is different 
southward where bedrock outcrops, and the 
same findings are no longer applicable. Most 
writers have concentrated on descriptions of 
the products of frost processes or the qual- 


itative aspects of the processes. Hence, the f 
processes are still not understood, and the | 
importance of related processes cannot be } 


evaluated quantitatively. 

Thawing of permafrost containing much ice 
commonly results in pits, ponds, and lakes on 
level ground and slumps and earthflows on 
sloping ground. Pressures up to 30,000 Ib. per 
sq. in. may be attained in freezing of ice (Bridg- 
man, 1912), and hydrostatic pressure may be 
transmitted long distances. 
saturated soils into cracks in frozen ground or 
into thawed ground, formation of ice laccoliths 
and other small mounds, and surface icings 
commonly result from hydrostatic pressure 
produced by freezing of water trapped between 
permafrost and the downward-freezing active 


layer (the cryostatic process of Washburn, § 


1950). Pingos are large mounds resulting from 
hydrostatic pressure during regrowth of perma- 
frost into thawed basins in permafrost under 
drained lakes. Permafrost serves as a “cap 
rock”’ for oil in northern Alaska and as a host 
for native gold in Canada (Boyle, 1951). 
Hollingworth and Bannister (1950) postulate 


that permafrost was required in the formation © 


of two ‘new minerals of basic aluminum 
sulphates. 
The techniques of studying ice in permafrost 


are similar to those used in glaciological re- | 


search (Black, 1951a), and physics of ice and 
permafrost are commonly applicable to 


. seasonally frozen ground (Ruckli, 1950). Geo- 


physical prospecting in permafrost demands 
variations in techniques (Myers, 1951) from 
those usable in temperate zones. Peltier (1950) 
discusses the geomorphic cycle in areas of 
permafrost, and Jenness (1952) re-emphasizes 
the role of permafrost in Arctic erosion. Aerial 
photographic interpretation remains as an 
indispensable aid in the study of permafrost 
(Benninghoff, 1953) but is not a “cure-all’’ to 


be used in lieu of field work. See also Frost and | 


Mintzer (1950). 
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BIOLOGIC SIGNIFICANCE 


BroLocic SIGNIFICANCE 


By maintaining low temperatures, by re- 
stricting the downward extent of root growth of 
plants, by preventing normal ground-water 
movements, and indirectly by promoting in- 
tensive frost action, permafrost has been recog- 
nized for decades by many writers as being of 


| paramount importance in plant ecology in 


northern latitudes. Many recent papers have 
restated the qualitative aspects of the phe- 
nomena (e.g., Benninghoff, 1952; Hanson, 1950; 
1951; Hopkins and Sigafoos, 1951; Raup, 


1951; Sigafoos, 1951; 1952). The investigations. 


remain in the descriptive stages, and few quan- 
titative measurements are being attempted. An 
attempt at quantitative correlation between 
vegetation and permafrost has met with only 
limited success (Stoeckler, 1952). Wiggins 
(1951) has made a detailed study of the dis- 
tribution of plants on polygonal ground. Drury 
(1952) describes the cyclic development of bog 
fats in discontinuous permafrost in interior 
Alaska. Vegetational changes in late Pleistocene 
to Recent times commonly reflect permafrost 
(Hansen, 1952; Deevey, 1951) and are excellent 
dimatic indicators (Hansen, 1953). 

The widespread distribution of the frog in 
the discontinuous and sporadic zones of perma- 
frost demonstrates that low ground tempera- 
tures, except perhaps locally, do not necessarily 
follow periods of low air temperatures, because 
the frog does not survive body temperatures 
below about —5°C (Robert Hamilton, 1949, 
oral communication). The results of Russian 
studies demonstrate that bacteria can survive 
in permafrost (Hahne, 1948). 


ENGINEERING SIGNIFICANCE 


The engineering significance of permafrost 
and intensive frost action accompanying it 
are known in a qualitative way, and quantita- 
tive evaluation now is possible for many prob- 
lems in construction. More emphasis has been 
given these aspects of permafrost than any 
other. Economic incentive in the Soviet Union, 
where large numbers of people live in areas of 
permafrost, necessitated early evaluation of 
the problems; and military and civilian opera- 
tions in northern North America also must 
surmount similar problems. The compilation of 
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Muller (1947) remains one of the most useful 
handbooks for engineering purposes. It is sup- 
plemented by the reviews mentioned previously, 
particularly by Terzaghi (1952), by numerous 
classified reports on Federal projects, and by 
numerous unclassified articles that provide case 
histories or summaries of more particular 
nature, e.g., Army (1950), Frost Effects Labora- 
tory (1952), Ghiglione (1951), Hemstock (1949), 
Hyland and Mellish (1949), Kersten (1951), 
Khomichevskaya (1940), Lewin (1948a; 1948b), 
Lewis (1949), Linell (1953), Liverovsky and 
Morozov (1941), Manger (1947), Nees (1951), 
Rathjens (1950; 1951), Roberts (1950), Roberts 
and Cooke (1950), Rogers (1950), and Wilson 
(1949). The direct and indirect effects of perma- 
frost must be considered in construction (Siga- 
foos and Hopkins, 1952). Edwards (1949) 
reviews the conditions and problems confront- 
ing the Army in the Arctic. Water-supply 
problems are discussed by Alter (1950a), 
Cederstrom (1952), and Hyland and Reece 
(1951); Alter (1950b) reviews the status of 
sanitary engineering in permafrost areas in 
Alaska. Patty (1951) describes recent methods 
for thawing permafrost in placer diggings. 
Johnson and Lovell (1953) and Lovell and 
Herrin (1953) review some of the problems con- 
nected with frozen ground, frost action, and 
permafrost. 


CONCLUSIONS 


It is apparent from the voluminous literature 
relating directly and indirectly to permafrost 
and to frost action that the science of frozen 
ground has made rapid progress in the past 10 
years. As the complexities of the subject become 
better known and more disciplines are brought 
to bear on it, the scope increases, and the litera- 
ture becomes more difficult to locate and to 
evaluate. Individual competence cannot cover 
the entire field. The recent reviews and bibliog- 
raphies are most helpful for newcomers and 
even for established research workers, but the 
task of compiling all the published information 
on any one phase of the subject is monumental. 
Nevertheless, the status of knowledge has now 
been reached wherein a general elementary text- 
book briefly covering all phases of the subject, 
and a group of comprehensive treatises covering 
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the major subdivisions can now be written. 
These more than anything else would indicate 
the fields wherein more research is needed, 
would provide the basis for future research, and 
would constitute handbooks for the engineers, 
geologists, biologists, and other scientists. 

It seems to the writer that the general tenets 
of permafrost are adequate. Obviously addi- 
tional research will add details on the distribu- 
tion of permafrost (e.g., McGerrigle, 1952, p. 
48-49; Ives, 1953, p. 247) and its relation to 
the various factors controlling its existence. 
However, its origin and the range of types are 
recognized. Its significance is recognized more 
qualitatively, and quantitative evaluation, 
with the exception of a few individual cases in 
this country, is still lacking. Therefore, without 
additional quantitative measurements, en- 
gineering applications will have only approxi- 
mate formulae, and recognition and prediction 
of permafrost characteristics, distribution, and 
significance will remain qualitative. 


REFERENCES CITED 


Abbot, C. G., 1953, Solar variation, a leading 
weather element: Smithson. Inst. Misc. Coll., 
v. 122, no. 4, 35 p. 

Ahlmann, Hans W son, 1953, Glacier variations 
and climatic fluctuations: Am. Geog. Soc., Bow- 
man Mem. Lectures, Series 3, 51 p. 

Ahimann, Hans W:son, e¢ al., 1952, Preliminary re- 
port of the commission of periglacial mor- 
phology for the 8th General Assembly and the 
17th International Congress: Union Géog. 
Internat., 24 p 

Aichele, H., jst. 'Frostgefiihrdete Gebiete in der 
Baar, eine Kleinklimatische Gelindekartierung: 
Erdkunde, Band 5, Heft 1, p. 70-73. 

Alexander, B. H., Balluffi, R. W., Dawson, M. H., 
Kling, H. P., and Rosi, F. D., 1951, Self- 
diffusion of metals and associated phenomena, 
VI, Progress Rept. Apr. 1—-Nov. 30: S. 
Atomic Energy Comm. separate 81, 16 p. 

Algren, A. B., 1949, Ground temperatures as 
affected by weather conditions: Heating, 
Piping, and Air Conditions, v. 21, no. 6, p. 
111-116. 

Alimen, H., 1951, Actions périglaciaires et sols sur 
le versant nord-pyrénéen en Bigorre: Rev. 

. des Pyrénées et du Sud-Ouest, Tome 22, 
Fas. 2-3, p. 124-136. 

Alter, Amos J., 1950a, Water supply in Alaska: 
_ Water Works Assoc. Jour., v. 42, p. 519- 
532. 

— 1950b, Arctic sanitary engineering: Federal 
Housing Administration, 106 p., mimeo. 

—_ Society of Metals, 1952, Metal interfaces: 


Army, 1950, Construction of runways, roads, and 
buildings on permanently frozen ground: 


Dept. of Army Tech. Bull. 5-255-3, 88 p. 


R. F. BLACK—PERMAFROST 


Aubert, Eugene, and Winston, Jay S., 1951, A 
study of atmospheric heat-sources in the 
Northern Hemisphere for monthly periods: 
Jour. Meteorology, v. 8, p. 111-125. 

Ayers, A. D., and Campbell, R. B., 1951, Freezing 
point of water in a soil as related to salt and 
moisture contents of the soil: Soil Sci., v. 72, 
no. 3, p. 201-206. 

Bader, Henri, 1951a, Introduction to ice petro- 
fabrics: Jour. Geology, v. 59, p. 519-536. 
—— 1951b, Geometric properties of snow and ice, 
Chapter 4, p. 49-50, in Review of the pro rties 

of snow and ice: SIPRE Rept. no. 4, 156 p. 

Baeckeroot, G., 1951, Formes de cryergie quater- 
naire en Montague Noire occidentale: Rev. 
Géog. des Pyrénées et du Sud-Ouest, Tome 22, 
Fas. 2-3, p. 137-153. 

Barrett, C. S, F952, Structure of metals: Crystallo- 

graphic methods, principles, and data: 2d ed., 
1 i McGraw-Hill, 661 p. 

Bay, Clyde E., Wunnecke, George W., and Hays, 
Orville E., 1952, Frost penetration ‘into soils as 
influenced by depth of snow, vegetation cover, 
and air temperatures: Am. Geophys. Union 
Trans. v. 33, p. 541-546. 

Beck, Paul A., 1982, Do metals recrystallize?, Am. 
Inst. Min. Metall. Eng. Trans., v. 194, p. 
979-980 

Benninghoff, William S., 1952, Interaction of vege- 
tation and soil frost phenomena: Arctic, v. 5, 


p. 3 

——_ 1953, Use of aerial photographs for terrain 
interpretation based on field ee Photog. 
Eng., v. 19, no. 3, p. 487-4 

Berger, Carl, and Saffer, Charles M., Jr., 1953, On 


some recent experiments with supercooled ' 
5. 


water: Science, v. 117, p. 


Birman, Joseph H., 1952, Pleistocene clastic dikes in 


weathered granite-gneiss, Rhode Island: Am. 
Jour. Sci., v. 250, p. 721-734 

Bjerrum, Niels, 1952, Structure and properties of 
ice: Science, v. 115, p. 385-390. 

Black, Robert F., 1950, Permafrost, Chapter 14, p. 
247-275, in ” Applied sedimentation: N. Y,, 
Z. Wiley & Sons, 707 p. Edited by Parker 
D. Trask. 

—— 1951a, Comments on glaciological research as 
related to studies of permafrost: Arctic Inst. 
North America, Am. Geog. Soc., and Re- 
search Comm. on Glaciers, Proc. 2d Glaciologi- 
cal Conf., p. 12-13. 

— 1951b, Permafrost: Smithson. Inst. Annual 
Rept. for 1950, p. 273-301. 

—— 195ic, Structures in ice wedges of northern 
Alaska (Abstract): Geol. Soc. America Bull., v. 
62, p. 1423-1424. 

— 195id, Graphs for visual comparison of several 
factors in heat exchange near Barrow, Alaska 
(Abstract): Geol. Soc. America Bull., v. 62, 
p. 1546-1547. 

—— 1952a, Polygonal patterns and ground con- 
ditions from aerial photographs, Photog. Eng., 
v. 18, p. 123-134. 

—— 1952b, Growth of ice-wedge polygons in perma- 
frost near Barrow, Alaska (Abstract): Geol. 
Soc. America Bull., v. 63, p. 1235-1236. 

—— 1953a, Permafrost—A review: N. Y. Acad. 
Sci. Trans., ser. 2, v. 15, p. 126-131. 


—— 1953b, Fabrics of ice wedges: Ph.D. disserta- 


tion, Johns Hopkins Univ., 87 p. 





Boyle, I 
an 
Yel 
Ge 

Breazea 
Bre 

: vay 

Bridgm: 
five 
Art 

Brooks, 





PP SAT: em OO a AO NIT EN Seri, SOP Pes, 
D5 


i 
to 
1 











1951, A 
in the 
periods: 


Freezing 
salt and 
ep Ve 02, 


e tro- 
t 

and ice, 
‘operties 
56 p. 

quater- 
e: Rey, 
ome 22, 


"ystallo- 
2d ed., 


1 Hays, 
soils as 
1 cover, 

Union 


?, Am. 
194, p. 


f vege- 
Vv. a 


terrain 


-*hotog. 


53, On 
‘cooled ' 


ikes in 
: Am. i 


Boesch, Hans, 1951, Beitrige zur cr der 
Blockstréme: Die Alpen, Heft 1, p. 1 

Bogdanov, F. M., 1934, On the degradation of the 
permafrost (kK voprosu o degradatsii vechnoi 
merzloty): Problemy Sovetskoi geologii, v. 1, 
no. 3, p. 232-234; SIPRE Abstract 1645, 
SIPRE Rept. 12, v. 2, p. 186-187, 1952. 

Boyé, Mare, 1950, Glaciaire et périglaciaire de l’ata 
sund nord-oriental Greenland: Expéditions 
Polaires Francaises, Paris, Missions Paul- 
Emile Victor, Hermann and Co., 176 p. 

Boyle, R. W., 1951, An occurrence of native gold in 
an ice lens—Giant-Yellowknife gold mines, 
Yellowknife, Northwest Territories: Econ. 
Geology, v. 46, p. 223~227. 

Breazeale, Edward L., McGeorge, W. T., and 
Breazeale, J. F., 1951, Movement of water 
vapor in soils: Soil Sci., v. 71, p. 181-186. 


| Bridgman, P. W., 1912, Water, in the liquid and’ 


five solid forms, under pressure: Am. Acad. 
Arts and Sci. Proc., v. 47, p. 439-558. 

Brooks, C. E. P., 1951, Geological and historical 
aspects of climatic change: Am. Meteor. Soc., 
Compendium of Meteorology, p. 1004-1018. 

Brooks, F. A., 1952, Atmospheric radiation and its 
reflection from the ground: Jour. Meteorology, 
v. 9, no. 1, p. 41-52. 

Brown, A. F., 1952, Surface effects in plastic de- 
formation of metals: Adv. in Physics, v. 1, p. 
427-4 

Buckley, H. E., 1951, _— growth: N. Y., J. 
Wiley and Son, 571 

Bullard, E. C., and Niblett, E. R., 1951, Terrestrial 
heat flow in England: "Royal "Astron. Soc. Mo. 
— Geophys. Supp., v. 6, no. 4, p. 222- 


Burke, E. C., and Hibbard, W. R., Jr., 1952, Plastic 
deformation of magnesium single crystals: 
Am. Inst. Min. Metall. Eng. Trans., v. 194, 























_ Burton, W. K., heim, 


p. 295-303. 
| Burke, J. E., and Turnbull, D., 1952, Recrystalliza- 


tion and grain growth: Progress in Metal 
Physics, v. 3, 292. 

N., and Frank, F. C., 1951, 

The growth of crystals and the equilibrium 

structure of their surfaces, Royal Soc. London 

bag Trans., ser. A, Math. Phys. Sci., v. 243, 
0. 866, p. 299-358. 

Cailleux, André, 1948, Etudes de cryopédologie: 
Expéd. Polaires Franc., Expéd. Arctique, Sec. 
Sci. Nat., Paris, Centre Doc. Univ., 68 p. 

Carlson, Harry, 1952, Calculation of depth of thaw 
in frozen ground: Highway Research Board 
Spec. Rept. no. 2, p. 192-223. 

Carter, Clyde L., 1951, Soil temperature, moisture 
content, and thermal  ?/. Univ. Tenn. 
Eng. Exp. Sta. Bull. 13, 85 

Cavaille, Albert, 1951, Les “4 de boulbéne de 
l Aquitaine et climats quaternaires: Rev. Géog. 
des Pyrenées et du Sud-Ouest, Tome 22, Fas. 
2-3, p. 199-206. 

Cederstrom, D. J., 1952, Summary of ground-water 
development in Alaska, 1950: U. S. Geol. 
Survey Circ. 169, 37 p. 

Chang, Hsing C., and Grant, Nicholas J., 1953, 
Grain boundary sliding and migration and 
intercrystalline failure under creep conditions: 
Jour. Metals, v. 5, no. 2, sec. 2, p. 305-312. 

Chen, N. K., and Mathewson, C. H., 1952, Re- 

crystallization of aluminum single crystals 


REFERENCES CITED 





851 





after plastic extension: Am. Inst. Min. Metall. 
Eng. Trans., v. 194, p. 501-509. 

Chen, N. K., and Pond, R. B., 1952, Dynamic 
formation of slip bands in aluminum: Am. Inst. 
— Metall. Eng. Trans., v. 194, p. 1085- 


Corte, A. E., 1953, Contribution a la morfologia 
periglacial de ja alta Cordillera con especial 
mencion del aspecto criopedologico: Anales del 
D.I.C., Tome 1, Cuederno 2, 54 p. 

Crabb, George A, Jr., amd Smith, James L., 1953, 
Soil- -temperature comparisons under varying 
ren Highway Research Board Bull. 71, p. 

Craig, Richard A., 1951, Solar variability and 
meteorological anomalies: Am. Acad. Arts Sci. 
Proc., v. 79, no. 4, p. 280-290. 

Crawford, Carl’ | 1952, Soil temperatures, a 
review of published records: Highway Re- 
search Board Spec. Rept. 2, p. 17-41. 

Datskii, N. G., 1937, The southern permafrost 
boundary in the Mezen’ Region (IUzhnyi 
predel rasprostraneniia vechnoi merzloty v 
Mezenskom raione severnogo Kraia): Aka- 
demiia Nauk SSSR, Trudy Komissii po 
izucheniiu vechnoi merzloty, v. 5, p. 
SIPRE Abstract 1756, SIPRE Rept. 12, no. 2, 

p. 211-212, 1952. 

Deore, Edward S., 1951, Late-glacial and post- 
glacial pollen diagrams from Maine: Am. Jour. 
Sci., v. 249, p. 177-207. 

Demangeet, Jean, 1951, Observation sur les “sols 
en gradins” de L’apennin central: Rev. de 
— Dynamique, v. 2, no. 3, p. 110- 

Demorest, Max, 1940, The rock called ice: N. Y. 
Acad. Sci. Trans., Ser. 2, v. 3, no. 2, p. 25-28. 

— 1941, be oe ay for making thin-section 
studies of glacier ice ra Geol. Soc. 
America Bull., v. 52, p 

Denny, Charles 4 1951, P sieletecene frost action 
near the border of the Wisconsin drift in 
+ sia Ohio Jour. Sci., v. 51, p. 116- 


—— 1952, Late Quaternary geo logy and frost 
phenomena along Alaska Highway, northern 
— Frage mee - and southeastern Yukon: 

Soc. America Bull., v. 63, p. 883-922. 

Dimbleby G. W., 1952, Pleistocene ice wedges in 
: more Yorkshire: Jour. Soil Sci., v. 3, p. 


Domaradzki, Josef, 1951, Blockstréme im Kanton 
Graubiinden: Schweizerischen National Parks, 
Band 3, p. 177-23 

Drury, William a, Jr., 1952, The y oe develo —_ 
ment of bog flats in interior Alask 
— Harvard Univ., 87 p. text ont 1 p. 


appendix 

bates, A., 1951, Uber die Entstehung von Frost- 
ten: Schr. Naturwiss. Ver. Schleswig- 
olstein, Band 25, p. 5 

Dunn, C. é., 1953, Secondary recrystallization 
textures and their origin in cold-rolled single 
crystals of silicon iron: Acta Metallurgica, v. 1, 
p. 153-162. 

Dylik, Jan, 1951a, Some periglacial structures in 
Pleistocene deposits of middle Poland: Soc. Sci. 
and Lettres of Lédz Bull. Classe III, Sci. 
Math. and Naturelles, v. 3, no. 2, p. 1-6. 

— 1951b, The loess-like formations and the wind- 
worn stones in middle Poland: Soc. Sci. and 











852 


Lettres of Lédz Bull., Classe III, Sci. 
and Naturelles, v. 3, no. 3, p. 1-17. 
Dylik, Jan, 1952a, The concept of the periglacial 
cycle in middle Poland: Soc. Sci. and Lettres 
of Lédz Bull., Classe III, Sci. Math. and Nat- 

urelles, v. 3, no. 5, . 

—— 1952b, Peryglacjalne struktury w plejstocenie 
srodkowej polski: Panstwowy instytut geolo- 
giczny, biuletynu, - 66, p. 53-94, English 
summary,  P. 105-11 

Dylik, Jan, and Klatka, Gisees 1952, Recherches 
microscopiques sur la désintégration périgla- 
ciaire: Soc. Sci. and Lettres of Lédz Bull., 
Classe III, Sci. Math. and Naturelles, v. 3, no. 


Math. 


4, p. 1-12. 

Eberle, Georg, 1952, Streifeaboden am Aufstieg 
zum Hochvogel: Natur und Volk, Band 82, 
Heft 1, p. 1-9. 

Edwards, N. B., ae, Combat in the Arctic: 
Infanty Jour. (Ja: 48. 

Evans, D. D., Kirk ym and Frevert, R. K., 
1951, Infiltration ol permeability i in soil over- 
lying an ery layer: Soil Sci. Soc. Proc. 
1950, v. 15, p. 50- 

Eypérsson, Jon, 1953, French-Icelandic expedition 
to Vatnajokull, 1951: Polar Record, v. 6, p. 
650 


Field, W. O., Jr., and Heusser, Calvin J., 1952, 
Glaciers—historians of climate: Geog. Rev. 
v. 42, p. 337-345. 

Firbas, F., 1951, Die quartire Vegetationsent 
wicklung zwischen Alpen und der Nord- und 
Ostsee, Erdkunde: Band 5, Heft 1, p. 6-15. 

Fisher, Joel E., 1953, The cold ice tunnel on the 
Silbersattel, Monte Rosa: Preliminary Report: 
Jour. Glaciology, v. 2, no. 13, p. 195-196. 

Flint, Richard Foster, 1951, Climatic implications 
of glacier research: Am. Meteorol. Soc., Com- 
pendium of Meteorology, p. 1019-1023. 

Fritz, Sigmund, 1951, Solar radiant energy and its 
modification by the earth and its atmosphere: 
Am. Meteorol. Soc., Compendium of Meteor- 
ology, p. 13-33. 

Frost, Robert E., 1950, Permafrost: Purdue Univ: 
Eng. Ext. ser. no. 71, Proc. 36th Annual Road 
School, p. 101-111. 

Frost, Robert E., and Mintzer, Olin W., 1950, 
Influence of topographic position in airphoto 
identification of permafrost: Highway Re- 
search Board Bull. 28, p. 100-121. 

Frost Effects Laboratory, 1952, Investigation of 
description, classification, and strength proper- 
ties of frozen soils: 2 vs., SIPRE Rept. 8. 

Gallwitz, H., 1950?, Eiskeile und glaziale Sedi- 
mentation: Geologica, v. 2, p. 5-24. 

Ghiglione, Angelo F., 1951, Problems of icing on 
roads and airfields: Paper presented Am. Soc. 
Civil Eng., Oct. 23, N. Y. 

Gilman, John J., and Read, T. A., 1952, Surface 
effects in the slip and twinning of metal mono- 
crystals: Jour. Metals, v. 4, no. 8, p. 875- 


883. 

Glen, J. W., 1952, Experiments on the deformation 
of ice: Jour. Glaciology, v. 2, no. 12, p. 111- 
114. 

—— 1953, Comments on Dr. Demorest’s paper: 
Jour. Glaciology, v. 2, no. 13, p. 219. 

Gloriod, A., and Tricart, J., 1952, Etude statistique 

de vallées asymétriques: Rev. de Géomorpho- 

logie Dynamique, v. 3, no. 2, p. 88-98. 





R. F. BLACK—PERMAFROST 


Gregg, S. J., 
Reinhold Pub. Co., 297 p. 

Gringmuth, W., 1951, Die gefronis in Sibirien: 
Zeitschr. fiir den Erdkunde-Untericht, dritter 
Jahrgang, Heft 1, p. 12-20. 

Guilcher, André, 1950, Nivation, cryoplanation et 
solifluction Quaternaires: Rev. de Géomorpho- 
logie Dynamique, v. 1, no. 2, p. 53-78. 

Gwathmey, A. T., Leidheiser, H., Jr., and Smith, 

P., 1952, Friction and cohesion between 
single crystals of copper: Royal Soc. London 
Proc., ser. A, v. 212, no. 1111, p. 464-467. 

Haefeli, R., 1952, Observations on the quasi- 
viscous behaviour of ice in a tunnel in the 
Z’Mutt glacier: Jour. Glaciology, v. 2, no. 12, 


p. 94-99. 

Hahne, Hermann A., 1948, Forschung in sibirischen 
Eisbodengebiet: Polarforschung, Band 2, 
Heft 1/2, p. 12. 

Haley, James F., 1953, Cold-room studies of frost 
action in soils, a progress report: Highway Re- 
search Board Bull. 71, p. 1-18. 

Halicki, Bronislaw, 1951, The role of ground ice in 
shaping Pleistocene periglacial forms: Acta 
Geologica Polanica, v. 2, no. 4, p. 209-210. 

Hansen, Henry P., 1952, Postglacial forests in the 
Grande Prairie-Lesser Slave Lake region of 
Alberta, Canada: Ecology, v. 33, p. 31-40. 

— 1953, Postglacial forests in the Yukon territory 


and Alaska: Am. Jour. Sci., v. 251, no. 7, p. 
505-542. 
Hanson, Herbert C., 1950, Vegetation and soil 


profiles in some solifluction and mound areas in 

Alaska: Ecology, v. 31, p. 606-630. 

1951, Characteristics of some grassland, 
marsh, ‘and other plant communities in western 
Alaska: Ecol. Mon., v. 21, p. 317-378. 

Hare, F. Kenneth, 1951, Some climatological prob- 
lems of the Arctic and sub-Arctic: Am. Meteor. 
Soc. Compendium of Meterology, p. 952-964. 

—— 1953, Two pictures of the recent past: Arctic, 
v. 6, p. 58-60. 

Harrison, A. E., 1951, Ice advances during the reces- 
sion of the Nisqually glacier: The Moun- 
taineer, v. 43, p. 7-12. 

Hattersley-Smith, Geoffrey, 1952, Comments on the 
origin of the ice islands: Arctic, v. 5, p. 95-103. 

Heinzelin, Jean de, 1952, Glacier recession and peri- 
glacial phenomena in the Ruwenzori Range 
(Belgian Congo): Jour. Glaciology, v. 2, no. 12, 
p. 137-140. 

Hemstock, R. A., 1949, Engineering in permafrost 
in Canada’s MacKenzie Valley: Nat. Re- 
search Council Canada Tech. Memo. no. 13, 


3 p. 
Hino, Juno, Shewmon, Paul G., and Beek, Paul A., 
1952, Effect of simultaneous strain on sub- 


grain growth: Am. Inst. Min. Metall. Eng. 
Trans., v. 194, p. 873-874. 
Hollingworth, S. E., and Bannister, F. A., 1950, 


Basaluminite and hydrobasaluminite, two new 
minerals from Northamptonshire: Minerog. 
Mag., v. 29, no. 208, p. 1-17. 

Holtzscherer, Jean-Jacques, 1953, Sondages seis- 
miques: p. 45-58 of Campagne au Groenland 
1951: Rapports Prelim. no. 16, Expeditions 
Polaires Francaises, Missions Paul-Emile 
Victor, 179 p. 

Hopkins, D. M., and Giddings, J. L., Jr., 1953, 

Geological background of the Iyatayet archeo- 








1951, The surface chemistry of solids: } 


: 


£ 


A Si? Gnas. 


7. 


"=A e 


~ 











Hop! 
Hort 
Hort 


How 


Hyl. 


Hyl. 
Ivar 
Ives 


Jace 


Jent 
Jen 


Joh 


Joh 


Jou 


Kel 








’ solids: 


ibirien: 
dritter 


tion et 
10rpho- 


Smith, 
etween 
London 
7. 

quasi- 

in the 
no. 12, 


rischen | 


nd = 2, 


f frost 


ay Re- © 


| ice in 
- Acta 
0 


in the © 


ion of 


rritory 
i a, Bi 


d soil 
reas in 


ssland, 
estern 


prob- 
[eteor. 
-964. 
Arctic, 


reces- 
Moun- 


on the 
5-103. 
1 peri- 
Range 
10. 12, 


afrost 
. Re- 
o. 13, 


ul A., 
sub- 
Eng. 


1950, 
o new 
nerog. 


seis- 
nland 
itions 
Emile 


1953, 
-cheo- 





I Cink 








: 
| 


4 


Sea aS gfe 


La 


a % 





Kellaway, G. A., and Taylor, J. H., 


REFERENCES CITED 


logical ny Cape a a Smithson. 


Misc. » vs 321, no. 11, 

Hopkins, D. M., and Signfoos, R. Ps. 1951, Frost 
action and_ vegetation patterns on Seward 
Peninsula, Alaska: U. S. Geol. Survey Bull. 
974-C, p. 51-100. 

Horberg, Leland, 1951, Intersecting minor ridges 
and periglacial features in the Lake Agassiz 
Basin, North Dakota: Jour. Geology, v. 59, 
p. 1-18. 

Horner, N. G., 1950, Kryopedologi, permafrost och 
periglacial: Geologiska Féreningens i Stock- 
holm Férhandlingar, Band 72, Heft 2, p. 230— 
239. 

Hough, Jack L., 1953, Pleistocene climatic record 
in a Pacific core sample: Jour. Geology, v. 61, 
p. 252-262. 

Hévermann, J., and Poser, H., 1951, Morpho- 
metrische und morphologische Schotteranaly- 
sen: 3d Internat. Cong. Sedimentology, Proc., 
Groningen-Wageningen, Netherlands, p. 135- 


156. 

Hyland, W. L., and Mellish, M. H., 1949, Steam 
heated conduits, utilidors, protect service 
pipes from freezing in regions of North America 
res 4 permafrost exists: Civil Eng., v. 19, p. 
15-17f. 

Hyland, W. L., and Reece, G. M., 1951, Water 
supplies for army bases in Alaska: New 
England Water Works Assoc., v. 65, p. 1-16. 

Ivanov, K. E., and Lavrov, V. V., 1950, A peculi- 
arity of the mechanism of plastic deformation 
of ice: SIPRE translation no. 10, 3 p. 

Ives, Ronald L., 1953, Later Pleistocene glaciation 
in the Silver Lake Valley, Colorado: Geog. 
Rev., v. 43, no. 2, p. 229-252. 

Jacobs, Woodrow, 1951, The energy exchange be- 
tween sea and atmosphere and some of its 
consequences: Scripps Inst. Oceanography 
Bull., v. 6, no. 2, p. 27-122. 

Jenness, J. L., 1949, Permafrost in Canada: Arctic, 
v. 2, p. 13-27. See also J. D. Bateman, Arctic, 
v. 2, p. 203-204. 

Jenness, John L., 1952, Erosive forces in the physi- 
ography of western Arctic Canada: Geog. Rev., 
v. 42, p. 238-252. 

Johnson, A. W., 1952, Frost action in roads and air- 
fields: A review of the literature 1765-1951; 


— Research Board Special Rept. 1, 

287 p. 

Johnson, A. W., and Lovell, C. W., Jr., 1953, Frost- 
action research needs: Highway Research 


Board Bull. 71, p. 99-124. 

Joues, Harold E., and Kohnke, Helmut, 1952, The 
influence of soil moisture tension on vapor 
movement of soil water: Soil Sci. Proc., v. 16, 
p. 245-248. 

Kachurin, S. P., 1938, Frozen grounds recede: 
Comptes Rendue Acad. Sci. URSS, v. 19, p. 
595-599, SIPRE Abstract 1941, SIPRE Rept. 
12, v. 2, p. 249, 1952. 

1952, Early 
stages in the physiographic evolution of a 
portion of the East Midlands: Geol. Soc. 
London Quart. Jour., v. 108, p. 343-376. 

Kersten, Miles S., 1951, The effect of temperature 
on the bearing value of frozen soils: Highway 
Research Board Bull. 40, p. 32-38. 

—— 1952, Thermal properties of soils: Highway 
Research Board Spec. Rept. 2, p. 161-166. 





853 





Khomichevskaya, L. S., 1940, The comprehensive 
strength of permafrost and ice in their natural 
states: Translation, 1951, by Meir Pilch for 
U. S. Army Corps of Eng. St. Paul District, 


45 p. 

Knechtel, Maxwell M., 1952, Pimpled plains of 
eastern Okiahoma: Geol. Soc. America Bull., 
v. 63, p. 689-700. 

Langbein, Walter B., 1949, Computing soil tem- 
peratures: Am. Geophys. Union Trans., v. 30, 
p. 543-547. 

Leffingwell, E. de K., 1919, The Canning River 
region, northern Alaska: U. S. Geol. Survey 
Prof. Paper 109, 251 p. 

Leith, T. H., 1952, Heat flow at Kirkland Lake: 
Am. Geophys. Union Trans., v. 33, no. 3, p. 
435-443. 

Lettau, Heinz, 1951, Theory of surface-temperatures 
and heat-transfer oscillations near a_ level 
ground surface: Am. Geophys. Union Trans., 
v. 32, no. 2, p. 189-200. 

Lewin, J. D., 1948a, Essentials of foundation design 
in permafrost: Public Works, v. 79, no 2 p. 
28-30; no. 3, p. 27-30. 

—— 1948b, Dams in permafrost: Public Works, v. 
79, no. 5, p. 22-23, 32; no. 6, p. 33-34; no. 7, 
p. 57-58. 

Lewis, Taylor O., 1949, Arctic engineering, Cornell 
Eng,, v. 15, p. 8- 9, 28. 

Li, Choh Hsien, Edwards, E. H., Washburn, J., 
and Parker, E. R., 1953, Stress-induced move- 
ment of crystal boundaries: Acta Metallurgica, 
v. 1, no. 2, p. 223-229. 

Libby, Willard F., 1952, Radiocarbon dating: 
Univ. Chicago Press, 124 p. 

Library of Congress, 1951, Annotated bibliography 
on snow, ice, and permafrost: SIPRE Rept. 12, 
vii, 226 

—_— 1952, Annotated bibliography on snow, ice, and 
permafrost: SIPRE Rept. 12, v. 2, 356 p. 

—— 1953, Annotated bibliography on snow, ice, 
and permafrost: SIPRE Rept. no. 12, v. 3, 


p. 

Linell, Kenneth A., 1953, Frost design criteria for 
pavements: Highway Research Board, Bull. 71, 
p. 18-32. 

Liverovsky, A. V., and Morozov, K. D., 1941, 
Construction on permafrost: Translation 1952 
by Meir Pilch for Office Chief Eng., Mil. 


Const. Div., St. Paul District, U. S. Army, 
306 p. 
Lonsdale, Kathleen, 1951, Unsolved problems in 


crystallography: Roya! College of Sci. Jour., 
v. 21, p. 1-10. 
Lovell, Charles W., Jr., and Herrin, Moreland, 


1953, Review of certain properties and prob- 
lems of frozen ground including permafrost: 
SIPRE Rept. 9, 124 p. 

Lundqvist, G., 1949, The orientation of the block 
material in certain species of flow earth: 
Geografiska Annaler, Arg. 31, Hiafte 1-4, p. 
335-347. 

—— 195la, Blocksinkov och nagra andra frost- 
fenomen: Geol. Féren. Férhandl., Band 73, 
Heft 3, no. 466, p. 505-512. 

—— 1951b, Jardartskarte 6ver Kopparbergs Lin: 
Sveriges Geol. Unders., ser. C, no. 21, 213 p. 

McAlpin, George W., Jr., 1953, Soil freezing 
Paper presented 32d Annual Meeting, Highway 
Research Board, Washington, D. C 











854 


McCall, J. G., 1952, The internal structure of a 
cirque glacier: Report on studies of the en- 
glacial movements and temperatures: Jour. 
Glaciology, v. 2, no. 12, p. 122-130. 

McGerrigle, H. W., 1952, Pleistocene glaciation of 
Gaspe Peninsula: Royal Soc. Canada Trans., 
v. 46, ser. 3, p. 37-51. 

Macar, P., and van Leckwijck, W., 1949, Phé- 
noménes de cryoturbation, dont certains rap- 
portés au Quaternaire inférieur, affectant les 
dépots dits, ‘“Onx” de la region liégeoise: Acad. 
~~ a ’Bull. Classe Sci., 5th ser., Tome 35, 

0-81 


Pp 

MacCarthy, Gerald R., 1952, Geothermal investi- 
gation on the Arctic slope of Alaska: Am. 
Geophys. Union Trans., v. 33, p. 589-593. 

MacGregor, A. G., 1951, Ice crystals in glaciers com- 
pared with quartz crystals in dynamically meta- 
morphosed sandstones: Jour. Glaciology, v. 1, 
no. 10, p. 564-571. 

—— 1952, Shear-stress, fabrics of ice and quartz; 
some comments on a paper by Dr. H. Bader: 
Jour. Glaciology, v. 2, no. 12, p. 100-103. 

Manger, H. J., 194 , Proper construction procedures 
in permafrost areas: Civil Eng., v. 17, no. 7, 


Sieste. B. J., 1950, The formation of ice crystals 
and snowflakes: Royal Meteor. Soc. Centenary 
Proc., p. 51-58. 

Mellon Institute, 1950, Plastic deformation of 
crystalline solids: A Symposium: Carnegie 
Inst. Technology and Dept. of Navy, 223 p. 

Muller, Ernest H., 1952, The glacial geology of the 
Naknek district, the Bristol Bay region, 
Alaska: Ph.D. thesis, Univ. Ill. 98 p. 

Muller, Siemon W., 1945, Permafrost or perma- 
nently frozen ground and related engineering 
problems: U. S. Geol. Survey Spec. Rept., 
Strategic Engineering Study 62, 2d ed., 231 p. 

—— 1947, Permafrost or permanently frozen 
ground and related engineering problems: U. S. 
Geol. Survey Spec. Rept., Strategic Engineering 
Study 62, 231 p., reprinted by J. D. Edwards 


Bros. 

Myers, W. H., 1951, Geophysical prospecting for oil 
through permafrost: Nat. Research Council 
Proc., no. 122, p. 73-74. 

Nangeroni, Guiseppe, 1952, I fenomeni di morfologia 
periglaciale in Italy: Riv. Geog. Ital., v. 59, 
no. 1, p. 1-15. 

Nees, L. A., 1951, Pile foundations for large towers 
on permafrost: Am. Soc. Civil Eng. Proc., v. 
77, separate 103, 10 p 

Newcomb, R.C., 1952, Origin of the Mima mounds, 
Thurston County region, Washington: Jour. 
Geology, v. 60, p. 461-472. 

Nikiforof, C . c., 1952, Origin of microrelief in the 

e Agassiz basin: Jour. Geology, v. 60, p. 


1 103. 

Nye, J. F., 1952, The mechanics of glacier flow: 
Jour. Glaciology, v. 2, no. 12, p. 82-93. 

—— 1953, Some geometrical relations in dislocated 
crystals: Acta Metallurgica, v. 1, no. 2, p. 
153-162. 

Owston, P. G., 1951, The crystallization of ice: 
Jour. Glaciology, v. 1, no. 10, p. 571-573. 
Patty, Ernest N., 1951, Solar thawing increases 

profit from sub-Arctic placer gravels: Mining 
Eng., v. 190, no. 1, p. 27-28. 
Peltier, Louis C., 1950, The geographic cycle in 


R. F. BLACK—PERMAFROST 


periglacial regions as it is related to climatic 
geomorphology: Assoc. Am. Geographers 
Annals, v. 40, no. 3, p. 214-236. 

Péwé, Troy L., 1947, Permafrost and geomor- 
phology in the lower Yukon valley, Alaska 
(Abstract): Geol. Soc. America Bull., v. 58, 
p. 1256. 

—— 1948, Terrain and permafrost of the Fairbanks 
area, Alaska (Abstract): Geol. Soc. America 
Bull., v. 59, p. 1379. 

—— 1952a, Preliminary report on the late Quater- 
nary history of the Fairbanks area, Alaska 
(Abstract): Geol. Soc. America Bull., v. 63, p. 
1289- 

—— 1952b, Geomorphology of the Fairbanks area, 
Alaska: Ph.D. dissertation, Stanford Univ., 
220 p. 

Poser, Hans, and Miiller, Theodor, 1951, Studien 
an den asymmetrischen Tilern des Nieder- 
bayerischen Hiigellandes: Nachrichten der 
Akad. Wissenschaften in Géttingen, Math.— 
Phys. Klasse, p. 1-32. 

Poser, Hans, and Tricart, J., 1950, Terrasses et 
phénoménes périglaciaires dans la vallée de 
V’Huisne en amont du Mans (Sarthe): Soc. 
Géol. France Bull., 5th ser., Tome 20, nos. 7-9, 
p. 381-391. 

Prescott, J. A., and Collins, Joyce A., 1951, The lag 
of temperature behind solar radiation: Royal 
Meteor. Soc. Quart. Jour., v. 77, no. 331, p. 
121-126. 

Rathjens, G. W., 
research in the Arctic: 
Alaska Sci. Conf., Nat. 
Washington, D. C. 

—— 1951, Arctic engineering requires knowledge of 
permafrost: Civil Eng., v. 21, p. 39-41. 

Raup, Hugh M., 1951, Vegetation and cryoplana- 
tion: Ohio Jour. Sci., v. 51, no. 3, p. 105-116. 

Ray, —_ L., 1951, Permafrost: Arctic, v. 4, no. 3, 


1950, Applications of permafrost 
Paper presented at 
Research Council, 


p. 196-203. 

Richards, L. A., 1950, Laws of soil moisture: Am. 
Geophys. Union Trans., v. 31, p. 750-756. 
Richmond, Gerald M., 1953, Pleistocene field con- 
ference in Rocky Mountain National Park: 

Science, vol. 117, p. 177-178. 

Rider, N. E., and Robinson, G. O., 1951, A study 
of the transfer of heat and water vapour above 
a surface of short grass: Royal Meteor. Soc. 
Quart. Jour., v. 77, p. 375-401. 

Rigsby, George P., 1951, Crystal fabric studies on 
Emmons glacier, Mount Rainier, Washington: 
Jour. Geology, v. 59, p. 590-598. 

Ritchie, Arthur M., 1953, The erosional origin of the 
Mima mounds of southwest Washington: 
Jour. Geology, v. 61, p. 41-50. 

Roberts, P. W., 1950, Effects on materials in Arctic 
cold: Mil. Eng., v. 42, no. 287, p. 176-178; no. 
288, p. 272-273; no. 289, p. 366-369; no. 290, 
p. 452-455. 

Roberts, P. W., and Cooke, F. A. F., 1950, Arctic 
tower foundations frozen into permafrost: 
Eng. News-Rec., v. 144, no. 6, p. 3 

Rogers, Harvey G., 1950, Report on investigation of 
sanitary features of utilidor construction and 
substitutes therefor in Arctic installations: 
Paper presented at Alaska Sci. Conf. Nat. Re- 
search Council, Washington, D. C. 

Ruckli, Robert, 1950, Der Frost in Baugrund: 
Vienna, Springer-Verlag, 279 p. 


Saul 


Schz 


Schi 


Sch' 


Sho 


Sho 


Sig: 


Sig 


SII 


Sm 


Sm 


Spi 


Ste 


Ste 


» climatic 
ographers 


geomor- 
f Alaska 
ey Re OE 


‘airbanks 
America 


> Quater- 
, Alaska 
v. 63, p. 


nks area, 
1 Univ., 


Studien 
Nieder- 
ten der 
Math.— 


fasses et 
allée de 
e): Soc. 
nos. 7-9, 


The lag 
1: Royal 
331, p. 


rmafrost 
mted at 
Council, 


ledge of 


roplana- 
5-116. 
4, no. 3, 


re: Am. 
56. 

*Id con- 
| Park: 


A study 
r above 
or. Soc. 


dies on 
ington: 


n of the 
ington: 


_ Arctic 
78; no. 
o. 290, 


Arctic 
afrost : 


‘tion of 
mn and 
ations: 
at. Re- 


grund: 


- 


REFERENCES CITED 


Sauberer, F., and Dirmhirn, I., 1950, The influence 
of the radiation factor on growing and shrinking 
of glaciers: SIPRE translation no. 12, 22 p. 

Schaefer, Ingo, 1950, Die diluviale Erosion and 
Akkumulation: Forsch. zur Deutschen Landes- 
kunde, Band 49, 154 p. 

Schénhals, E., 1951, Riss- und Wiirmeiszeitliche 
Frostbodenstrukturen aus der Magdeburger 
Borde: Geol. Jahrb. fiir 1949, Band 65, p 
589-602 


Schwarzbach, Martin, 1950, Das Klima der Vorzeit: 
Eine Einfiihrung in die Palioklimatologie: 
Stuttgart, Ferdinand Enke, 211 p. 

Servi, Italo, Norton, John T., and Grant, Nicholas 
J., 1952, Some observations of subgrain forma- 
tion during creep in high purity aluminum: 
Am. Inst. Min. Metall. Eng. Trans., v. 194, 


p. 965-971. 
Shockley, W., 1952, Solid state physics in electronics 
and in metallurgy: Jour. Metals, v. 4, p. 829- 


842. 

Shockley, W., et al., 1952, Imperfections in nearly 
eon crystals: N. Y., J. Wiley & Sons, 
490 


Salen R. S., 1951, Soil instability in tundra 
vegetation: ‘Ohio Jour. Sci., v. 51, p. 281-298. 
—— 1952, Frost action as a primary phy sical factor 
in tundra plant communities: Ecology, v. 33, 

480-487. 


Sigafoos, R. S., and Hopkins, D. M., 1952, Soil 
instability on slopes in regions of perennially- 
frozen ground: Highway Research Board Spec. 
Rept. 2, p. 176-192. 

SIPRE (Snow, Ice, and Permafrost Research 
Establishment), 1951, Cryological Research 
facilities in North America: Rept. 6, 66 p. 

Smith, Cyril Stanley, 1952, Grain shapes and other 
metallurgical applications of topology; Am. 
Soc. Metals Metal interfaces, p. 1-42. 

Smith, H. T. U., 1949, Physical effects of Pleistocene 
climate changes in nonglaciated areas: eolian 
phenomena, frost action, and stream terracing: 
Geol. Soc. America Bull, v. 60, p. 1485- 
1515. 

Spangler, Merlin Grant, 1951, Soil Engineering: 
Scranton, Pa., International Textbook Co., 
458 p. 

Steusloff, Ulrich, 1952, Periglazialer ““Tropfen-” und 
Taschenboden im siidlichen Miinsterlande bei 
Haltern: Geol. Jahrb., Band 66, p. 305-312. 

Stoeckler, E. G., 1952, Trees of interior Alaska: 
their significance as soil and permafrost indi- 
cators: U. S. Army Corps of Eng. Permafrost 
Div., St. Paul District, 25 p. 

Streiff-Becker, R., 1953, Extrusion flow in glaciers: 
Jour. Glaciology, v. 2, no. 13, p. 181-182. 

Taber, Stephen, 1943, Perennially frozen ground in 


Alaska: its origin and history: Geol. Soc. 
America Bull., v. 54, p. 1433-1584. 
Terzaghi, Karl, 1952, Permafrost: Boston Soc. 


Civil Eng. Jour., v. 39, no. 1, p. 1-50. 
Thorarinsson, Sigurdur, 1951, Notes on patterned 
ground in Iceland, with particular reference to 
the Icelandic “Fl4s”; Geog. Annaler, Hifte 
3-4, p. 144-156. 
Tschebotarioff, G. P., 1951, Soil mechanics, founda- 


855 


tions, and earth structures: N. Y., McGraw- 
Hill, 655 p. 

Tumel, V. F., 1946, A contribution to the history of 
permafrost in the USSR (K istorii vechnoi 
merzloty v SSSR): Akademiia Nauk SSSR, 
Trudy Inst. Geografii, v. 37, p. 124-131, 
SIPRE Abstract 1183, SIPRE Rept. 12, p. 
93-94, 1952 

University of Minnesota, 1950, Interim report to 
Snow, Ice, and Permafrost Research Establish- 
ment (SIPRE): SIPRE Rept. 1, 62 p. 

Wahrhaftig, Clyde, 1953, Quaternary geology of the 
Nenana River and adjacent parts of the Alaska 
Range, Alaska: Ph.D. dissertation, Harvard 
Univ. and U. S. Geol. Survey open file Rept., 
no. 198, 163 p 

Washburn, ‘A. tay "1950, Patterned ground: Revue 
Canadienne de Geog., v. 4, nos. 3-4, p. 5-59. 

Washburn, Jack, and Parker, Earl R., 1952, Kinking 
in zinc single-crystal tension specimens: Am. 
Inst. Min. Metall. Eng. Trans., v. 194, p. 1076- 


1078. 

Werenskiold, W., 1953, The extent of frozen ground 
under the sea bottom and glacier beds: Jour. 
Glaciology, v. 2, no. 13, p. 197-200. 

West, E. S., 1952, A study of the annual soil tem- 
perature wave, Australian Jour. Sci. Research, 
ser. A, Phys. Sci., v. 5, no. 2, p. 303-314. 

White, Robert M., 1951, On the energy balance of 
the atmosphere: Am. Geophys. Union Trans., 
v. 32, p. 391-396. 

Wiggins, Ira L., 1951, The distribution of vascular 
plants on polygonal ground near Point Barrow, 
Alaska: Dudley Herbarium Contr., v. 4, pt. 3, 
p. 41-52. 

Williams, W. M., and Smith, Cyril Stanley, 1952, 
A study of grain shape in an aluminum alloy 
and other applications of stereoscopic micro- 
radiography: Am. Inst. Min. Metall. Eng. 
Trans., v. 194, p. 755-765. 

Wilson, J. D., 1949, Arctic construction: Mil. Eng., 
v. 41, p. 258-260. 

Wolfe, John N., 1951, The possible role of micro- 
— Ohio Jour. Sci., v. 51, no. 3, p. 134 
1 


Wolfe, Peter E., 1953, Periglacial frost-thaw basins 
in New Jersey: Jour. Geology, v. 61, p. 133- 
141. 


Woods, K. B., ef al., 1952, Symposium on frost 
action in soils: Highway Research Board Spec. 
Rept. 2, 385 p. 

Yardley, D. H., 1951, Frost-thrusting in the North- 
west Territories: Jour. Geology, v. 59, p. 


Zeuner, Frederick E., 1952, Dating the past: 
An introduction to geochronology: London, 
Methuen and Co., Ltd., 495 p. 

Zikeev, N. T., 1951, A selective annotated bibli- 
ography on soil temperature: Am. Meteorol. 
poo gh Abstracts and bibliographies, v. 2, no. 3, p. 
07-232. 


U. S. Geox. Survey, % Inst. Geotocia, CrprREs 
176, Mexico D. F., Mexico 

MANUuSCRIPT RECEIVED BY THE SECRETARY OF THE 
Socrety, OcToBER 13, 1953 

PUBLICATION AUTHORIZED BY THE Director, U. S. 
GEOLOGICAL SURVEY 











ea 


Reg 


ad 
Siete eons were 


Pale 


D 


Up 











BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 
VOL. 65, PP. 857-882, 9 FIGS., 1 PL. SEPTEMBER 1954 


FRANCONIA FORMATION OF MINNESOTA AND WISCONSIN 
By RosBert R. BERG 


ABSTRACT 


The Upper Cambrian Franconia formation in southeast Minnesota and west-central 
Wisconsin consists of glauconitic, quartzose sandstones that average 175 feet in thick- 
ness. Previous subdivision of the Franconia resulted in faunal zones to which geographic 
member names were given. These zones are not rock units and cannot properly be called 
members. 

In this paper, members are based on rock type. They are, in ascending order, the Wood- 
hill member—medium- to coarse-grained sandstone; the Birkmose member—fine-grained, 
glauconitic sandstone; the Tomah member—sandstone and shale; and the Reno member 
—glauconitic sandstone. A fifth unit, the Mazomanie member—thin-bedded or cross- 
bedded sandstone, forms a nonglauconitic facies that interfingers with and replaces the 
Reno member. Faunal zones are independent of the lithic units. 

The Woodhill member was deposited in the transgressing Franconia sea. Birkmose 
greensands formed in shallow waters far from shore, while Tomah sand and shale and 
Mazomanie thin-bedded sand were deposited nearer shore. Later, Reno greensands formed 
offshore, Mazomanie thin-bedded sand was deposited shoreward, and cross-bedded Ma- 
zomanie sand accumulated nearest the strand line. 
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unit of local importance in the Upper Missis- 
sippi Valley. Studies of the Franconia during 

The term Franconia has been applied to an ‘the past 50 years have been concerned chiefly 
Upper Cambrian biostratigraphic unit of con- with the faunally defined unit, now called the 
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Franconia Problem 
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and Atwater (1934, p. 48) obversely suggested 
this possibility when they disagreed with 
Ulrich and stated that the Mazomanie is the 


' same age as the Franconia. 


Twenhofel, Raasch, and Thwaites (1935) 
defined faunal units of the Franconia in Wis- 
consin, and the zones received geographic names 
and were called members. The Wisconsin no- 


' menclature was firmly established by the 


“Conference Classification” published for the 
Ninth Annual Field Conference of the Kansas 
Geological Society (Trowbridge, 1935). This 
was essentially the same scheme given unofficial 
sanction by the U. S. Geological Survey 
(Bridge, 1937, p. 234). The use of member 
names for faunal units is carried in the Cam- 
brian Correlation Chart of the National Re- 
search Council (Howell et al., 1944). 

Uniformity between Minnesota and Wis- 
consin usage was established in 1939 when the 
Minnesota Geological Survey adopted the 
Conference Classification (Stauffer, Schwartz, 
and Thiel, 1939). The Minnesota classification 
differed only in the use of “Taylors Falls 
member” for beds containing the Conaspis 
fauna. 

Attempts to recognize lithic members in 
Minnesota were begun in 1946 under the direc- 
tion of W. C. Bell. Nelson (1951) and Bell, 
Feniak, and Kurtz (1952) describe persistent 
rock types along the St. Croix and Mississippi 
rivers, and in the present study the rocks were 
traced from these regions into the main Fran- 
conia outcrop area. 


Proposed Nomenclature 


The inherent difficulty in the member 
nomenclature of the Conference Classification 
is apparent. The use of geographic member 
names implies the definition of rock units, but 
the authors (Twenhofel, Raasch, and Thwaites, 
1935, p. 1691) say that in their Croixan sub- 
division. 

“The different members...are not sharply sepa- 
rated from each other on the basis of lithologic 
changes. ... Where lithologic and faunal characters 


are not mutually coincident, the latter have been 
considered decisive.” 


Indeed, the Franconia formation is charac- 
terized by a noncoincidence of lithic and faunal 
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characters. A faunal zone may pass from a 
highly glauconitic sandstone to a nonglauco- 
nitic sandstone within a short distance. Further- 
more, two faunas may be found in the same 
type of sandstone in one outcrop, necessitating 
complete fossil collections to draw a “‘member’’ 
boundary. Such ‘“‘members” then consist of 
not one, but two or more rock types, and they 
may be identical in their variablility of lithic 
characters. 

The present subdivision of the Franconia 
establishes units of uniform lithic character, 
based entirely on rock type instead of con- 
tained faunas. Rock units (members) are 
separated from biostratigraphic units (faunal 
zones), and both are recognized as important 
but distinct entities. When the stratigraphic 
and geographic characteristics of the two 
are established, they are superimposed to 
produce a better understanding of depositional 
history. 

For the Franconia, this procedure requires 
the rejection of previous member names. The 
former members do not now designate, nor were 
they intended to designate, rock types in the 
Upper Mississippi Valley. They were defined 
by faunal criteria and have become established 
by usage as biostratigraphic terms. 
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REGIONAL STRATIGRAPHY 


unit of dolomite, dolomitic siltstone, and very 
fine-grained sandstone, first named St. Law- 





jrence in Minnesota and later named Trem- 
| pealeau in Wisconsin. St. Lawrence will be 


used because of priority. 

In spite of the variable nature of the Fran- 
conia greensands, several distinct lithic units 
can be recognized. These members are dis- 


' tinguished primarily on the basis of glauconite 


content and to a lesser extent on such features 
as grain size, bedding, and the presence of car- 
bonate or shale. They are, in ascending order, 
the Woodhill member—coarse-grained sand- 
stone, the Birkmose member—glauconitic 
sandstone, the Tomah member—sandstone and 
shale, and the Reno member—glauconitic 
sandstone. A fifth member, the Mazomanie, 


| represents a nonglauconitic sandstone facies 


that interfingers with and replaces the green- 
sands to the north and east. 

The Franconia, then, is characterized region- 
ally by facies change and a moderate degree of 
heterogeneity in rock type, but the most strik- 
ing changes in rock type occur at the base and 
top. The formation is defined above and below 
by distinct lithic changes representing change in 
sedimentary environment, and, although some 
variability is evident within the formation, the 
conditions of sedimentation were maintained 
without significant break throughout the period 
of its deposition. 


Woodhill Member 


The basal unit of the Franconia was first 
named by Ulrich. He defined (Ulrich, 1924, p. 
93) the Ironton member as coarse-grained 
sandstone that lies disconformably on the 
Dresbach formation and carries the Camaraspis 
(Elvinia) fauna. In the type area the presence 
of Camaraspis convexa is essential in determin- 
ing the thickness of the Ironton, for fossils 
occur in a 2- to 8-foot bed almost indistinguish- 
able from the underlying barren Dresbach. 
Both sandstones are medium-grained and well 
sorted, but the Ironton lacks well-defined 
bedding, has the larger grain size, and is some- 
what better-sorted. The differences are small 
and not readily apparent on the outcrop. A 
more unfortunate choice of type locality could 
not have been made to demonstrate a Dres- 
bach-Franconia disconformity. Subsequently, 
Ulrich demonstrated the contact at outcrops on 
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Wood Hill in southwest Juneau County (G. O. 
Raasch, personal communication). Although 
defined as a lithic unit overlying an erosion 
surface, “Ironton member” came to mean all 
beds containing the Elvinia fauna. As thus used 
by Twenhofel, Raasch, and Thwaites (1935, 
p. 1699), Bridge (1937, p. 234), Stauffer and 
Thiel (1941, p. 37), and Howell et al. (1944), 
the “member” incorporates heterogeneous 
sandstones, including not only the nonglauco- 
nitic and coarse-grained sandstone so designated 
by Ulrich, but highly glauconitic and fine- 
grained sandstone above. Moreover, this usage 
eliminated underlying coarse-grained beds 
which are strikingly different from the finer 
Galesville sandstone. 

Because “Ironton member” has become a 
synonym of “‘Elvinia zone’”’, the basal sandstone 
should be given a new name that does not carry 
a faunal connotation. Therefore, the name 
Woodhill member is proposed. An excellent 
exposure still exists at Ulrich’s secondary type 
locality, and a detailed description of this 
section follows: 


Road cuts on State Highway 80 at Wood Hill, 
SEY sec. 3, T.15 N., R.2 E., Juneau Co., 
Wis. 
Birkmose member -0.5 foot exposed 
8. Clay, red-brown, glauconitic............ 


Fee 
0.5 


Woodhill member—30.5 feet 

7. Sandstone, gray to brown, medium- 
grained, cross-bedded, glauconitic. Cama- 
WORN. 4c oirise ark extern alton, «ata 3.0 

6. Sandstone, yellow-brown, medium- 
grained, bedding indistinct. Camaraspis 
II 206s riots tet nag ow estat geale east a ws 

5. Sandstone, white, medium- to _fine- 
grained, cross-bedded, few vertical bor- 

i 13.0 


4. Sandstone, yellow, coarse- to fine-grained, 
poorly sorted, horizontal bedding marked 
by silt laminae, two 6-inch beds of brown, 
medium-grained, cross-bedded sandstone. 9.0 

3. Sandstone, brown, coarse- to medium- 
grained, cross-bedded.................. io 

2. Sandstone, gray, coarse-grained, horizon- 
tal bedding, sharp contact with bed 
WON no ias  scedepatetnewa -aeneners 


Dresbach formation 


Galesville member—41 .0 feet measured 
1. Sandstone, white, medium-grained, well 
sorted, some gentle cross-bedding 
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The Galesville sandstone is uniformly 
medium-grained and well sorted for a consider- 
able distance below the contact, whereas the 
lower 13 feet of the Woodhill member increases 
in grain size and decreases in degree of sorting. 
The contact is easily recognized and denotes 
the beginning of Franconia deposition by a 
significant change in rock type. The change may 
be abrupt, as at Wood Hill, or may be grada- 
tional through a thickness of 1 or 2 feet, as in 
outcrops along the Mississippi River. The upper 
17 feet of the Woodhill member is a medium- 
grained and well-sorted sandstone that carries 
Camaraspis at the top. The uppermost 3 feet 
contains 20 per cent glauconite, giving the 
sandstone a greenish-gray or, on weathering, a 
brown color. Glauconite also occurs at other 
localities in the upper Woodhill, usually as 
scattered grains along cross laminations. The 
amount is generally small, but, where it occurs 
in sufficient quantity to color the rock, the 
coarser grain size distinguishes the upper 
Woodhill from’ the fine-grained, highly glauco- 
nitic sandstones of the overlying Birkmose 
member. 

The type outcrop of the Woodhill is inter- 
mediate in regional expression of the member. 
Eastward in Adams County and southward in 
Juneau County the member thins to 15 or 20 
feet, and the lower shaly and _ horizontally 
bedded portion is missing. The member there 
consists of one unit of brown, cross-bedded 
sandstone carrying Camaraspis in the upper few 
feet, but the coarse grain size and poor sorting 
are evident at the base. Immediately north of 
the Baraboo region, the typical character of 
the Woodhill is lost, as shown in the Ironton 
type area. Westward from Wood Hill the 
member thickens with an attendant change in 
character. The lower shaly and upper cross- 
bedded divisions are maintained, but the mid- 
dle portion develops into a distinctive unit. 
The lower unit, 6 to 10 feet thick, is coarse and 
poorly sorted; the middle unit is also coarse- 
grained but is better sorted and without definite 
bedding. From the Tomah area in Monroe 
County and westward the middle unit is white 
and mottled with more or less linear orange 
patches that represent worm borings. This 
characteristic rock makes up a considerable 
part of the member and is commonly inter- 
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bedded at the top of the member with 1- to 2. 
foot ledges of medium-grained, brown, cross. 
bedded sandstone similar to the upper beds at 
Wood Hill. In the absence of interbedding, the 
brown, cross-bedded sandstone forms a single 
bed up to 15 feet thick overlying the middle 
unit (Pl. 1, fig. 1). The upper bed may contain 
Camaraspis at the top, but, where trilobites are 
lacking, inarticulate brachiopods are abundant 
along the cross beds. This sandstone also con- 
tains scattered vertical borings and was called 
“wormstone” by Twenhofel and Thwaites 
(1919, p. 622). 

The dominant heavy accessory minerals in 
the Woodhill member are tourmaline, zircon, 
and garnet. In central Wisconsin, the lack of 
garnet in the upper Dresbach and its first oc- 
currence in the basal Franconia are charac- 
teristic of these sands (Pentland, 1931). Along | 
the Mississippi River, however, there is no 
change in heavy minerals across the Dresbach- 
Franconia contact; garnet is common in both 





* the Galesville and Woodhill members. 


Birkmose Member 


Overlying the Woodhill member are fine- 
grained, glauconitic sandstones ranging in 
thickness from half a foot to nearly 40 feet. | 
This unit is named the Birkmose member from 
exposures north of Birkmose Park in the town 
of Hudson, Wisconsin. A description of the 
type section follows: 


Section along ys Highway 35, mies ae 25, 7.29 N.\ 
R2 oy he Croix Co., 


Tomah member—27.0 feet Feet 
7. Sandstone, buff, very fine-grained, mica- 
ceous, with interbedded gray shale. Conas- 


pis fauna in basal foot, Ptychaspis fauna 


Birkmose member—27.0 feet 

6. Dolomite, red-brown, conglomeratic, thin- 
bedded, glauconitic, sandy, flat pebbles of 
buff siltstone up to 3 inches in diameter, 
upper half with dolomitic siltstone laminae 
Taenicephalus altus teilzone............. 


5. Greensand, fine-grained, cross-bedded, 
with several laminae of gray shale and 
buff silt, dolomitic lenses at top contain 
Fe RT a het 


2.5 | 
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4. Greensand, fine-grained, cross-bedded, 
with abundant worm borings, few thin 
beds of wormstone.................... 3.5 


3. Wormstone, buff to orange, very fine- 
grained, glauconitic, with cross-bedded 
greensand in middle and at base........ 7.5 


2. Wormstone, buff, moderately glauconitic, 
laminae of greensand in middle below a 


6-inch bed of medium-grained sand- 
Se Cire ete eee oi eee 8.0 
Woodhill member—18.0 feet 
1. Sandstone, yellow to brown, medium- to 
coarse-grained, cross-bedded, lower part 
poorly sorted, pebbles and granules in 
MII 5s. far site sat aceeta denice sac 18.0 


Birkmose greensand is a fine-grained, quartz- 
ose, glauconitic sandstone that commonly is 
cross-bedded and poorly cemented. A typical 
sample (bed 5 above) has about 60 per cent 
of the grains in the 1 mm grade size. Glauco- 
nite grains constitute 45 per cent of the sand- 
stone and color the rock light to dark green. 

Wormstone is a convenient field term applied 
to very fine-grained sandstone containing 
abundant linear masses of gray shale represent- 
ing filled borings of benthonic animals (PI. 
1, fig. 2). The worm borings may be cylindrical 
and vertical, a quarter of an inch in diameter 
and up to 2 inches in length, but generally they 
are irregular gray patches in the surrounding 
light-colored matrix. Freshly exposed worm- 
stone is massive, all traces of the bedding having 
been destroyed by burrowing. A typical sample 
(bed 3 above) contains nearly 50 per cent of the 
grains in the 44, mm grade size. Quartz is the 
dominant mineral, glauconite constitutes 16 
per cent of the sand, and a small percentage of 
the grains are composed of alkalic feldspar. 
Because of the fineness of grain size, glauconite 
seldom colors the rock. 

A bed of conglomeratic dolomite at the top 
of the member is typically reddish brown, 
coarsely granular, and cross-bedded. Laminae 
or thin beds of buff, dolomitic siltstone are 
present in the upper half. Chemical analysis of 
a sample from the type section gives the follow- 
ing composition: dolomite, 39 per cent; calcite, 
9 per cent; acid-soluble unknown, 17 per cent; 
sand and silt, 20 per cent; and glauconite, 15 
per cent. Thin sections show that many of the 
large, rhombic dolomite grains have at their 
centers a regular network of opaque material 
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that has a fusiform outline and suggests an 
organic origin. Calcite forms a clear cement 
between dolomite grains. The bed may contain 
scattered flat pebbles of siltstone up to 6 
inches in diameter, or the pebbles may be con- 
centrated to form a conglomerate as much as 2 
feet thick. The conglomerate is placed in the 
Birkmose member because of its glauconite 
content and cross-bedding. In rock type it is 
most similar to the Birkmose greensands rather 
than to the thinly interbedded sandstone and 
shale of the overlying Tomah member. It is a 
“terminal conglomerate” formed at the end of 
the period of deposition characterized by the 
accumulation of sand and glauconite in current- 
agitated water. 

The Birkmose in the northern half of the area 
is similar to that of the type section in which 
wormstone is the dominant rock. To the south 
in the Mississippi Valley wormstone is less 
common, and the upper half of the member 
becomes shaly and irregularly dolomitic. In 
Houston County, Minnesota, the member con- 
sists of greensand and dolomitic, siltstone con- 
glomerates, and the thickness ranges from 9 to 
18 feet. The conglomerates occur in lensing beds 
that are replaced laterally by thinly interbedded 
greensand and siltstone. The member thins 
eastward in Wisconsin. Dolomite is persistent 
through Monroe County, but only 1 foot or 
less of greensand and shale is assigned to the 
Birkmose in Adams and Juneau counties. 

The friable sandstones of the member rarely 
yield fossils, but locally trilobites are preserved 
in the dolomitic portions. At most localities the 
boundary between the Elvinia and Conaspis 
zones lies within the member, and according to 
the Conference Classification this uniform rock 
unit must be divided between the Ironton and 
Goodenough ‘“‘members”’. 


Tomah Member 


The Tomah consists of interbedded sandstone 
and shale and is essentially a nonglauconitic 
unit. The name is derived from the Tomah 
quadrangle of Wisconsin in which Twenhofel 
and Thwaites (1919) first described this rock as 
the “‘micaceous shale.” An excellent exposure of 
28 feet at Maynard Pass is selected as the type 
section: 
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Road cuts on U. S. Highway 16, 6 miles west of 
Tomah, NW'4 sec. 22, T.17 N., R2 W., 
Monroe Co., Wis. 


Reno member (part) Feet 

3. Greensand, gray to brown, fine-grained, 
moderately glauconitic, mostly cross- 
bedded. Maustonia nasuta teilzone 1 and 
ee eee 15.0 


Tomah member-28.0 feet 

2. Sandstone, buff to gray, very fine-grained, 
micaceous, thin-bedded with interbedded 
gray-green shale, upper 3 feet with worm 
borings and some glauconite. Paraboli- 
noides palatus teilzone at 1 and 3 feet, and 
Maustonia nasuta teilzone at 16.5 feet 
BE Socials wdc. cis sation 28.0 


Birkmose member—0.5 feet exposed 
1. Greensand, weathered and pocorly ex- 
Oo ERE ea ae enw veer nor pear 0.5 
Tomah sandstone is light gray to yellow, very 
fine-grained, micaceous, and laminated. It is 
characteristically thin-bedded with beds 1 to 6 
inches thick separated by laminae or partings 
of gray-green, micaceous shale (Pl. 1, fig. 3). 
In some fresh exposures 1- to 2-inch shale beds 
are present. Small-scale interference ripple 
marks are preserved locally in the sandstone, 
and shaly partings are marked by filled trails 
or “worm tubes’. Flat-pebble conglomerates 
are rare and have been observed at only two 
localities. In some areas thin beds of wormstone 
occur in the Tomah member, but generally the 
member is remarkably uniform. Contact with 
the overlying Reno member is placed at the 
highest occurrence of interbedded shale. 
Textural analysis of a sandstone sample from 
Maynard Pass shows that it is very fine-grained 
to silty with 40 per cent of the grains in the 
l{g mm grade size and 30 per cent in the 12 
mm size. The interbedded shale consists of 
approximately equal amounts of silt- and clay- 


size particles; hydromuscovite (illite) is the 
chief component of the clay. 

The sandstone is unique in its high content 
of authigenic feldspar, and it is referred to as a 
feldspathized sandstone. Chemical and mineral- 
ogical analyses (Berg, 1952) give the following 
composition (per cent): orthoclase, 48; quartz, 
44; glauconite, 5; muscovite, 2; collophane, 0.5; 
leucoxene, 0.4; and traces of zircon, tour- 
maline, and garnet. The authigenic orthoclase 
occurs as rhombic overgrowths on quartz 
grains and as cement. 

Well-preserved fossils are common in nearly 
all outcrops. Trilobite molds are scattered on 
the bedding planes or clustered in thin, non- 
laminated lenses. Species of the Conaspis zone 
occur in the member in most areas, and ac- 
cording to the Conference Classification the 
micaceous sandstone is the dominant rock type 
of the ‘Goodenough member.” 


Reno Member 


‘The Reno member is composed chiefly of 
wormstones and greensands that constitute 
over half the total thickness of the Franconia 
in much of the outcrop area. Complete ex- 
posures are rare because of the incoherence of 
the rock, but the sequence of beds is well 
known in Houston County and is illustrated by 
the type section near the town of Reno: 


Section in Hell Hollow, 1.3 miles north of Reno, 
SE sec. 23, T.102 N., R.4 W., Houston Co., 
Minn. 


St. Lawrence formation Feet 


17. Siltstone, dolomitic, thin-bedded, some 
very fine-grained sandstone; basal 2 feet 
dolomite, gray, dense, thin-bedded, 
8 Ret FEIT Ee 61.0 





PLATE 1.—FRANCONIA OUTCROPS 


FIGURE 1.—WooDHILL MEMBER 
Cross-bedded sandstone overlying soft, worm-bored sandstone. Blair, Wis. 
FIGURE 2.—BIRKMOSE MEMBER 
Cross-bedded greensand grading upward to massive wormstone. Arkansaw, Wis. 
FicurE 3.—TomMAH MEMBER 
Thinly interbedded sandstone and shale. Sparta, Wis. 
FIGURE 4.—RENO MEMBER 
Ripple marks preserved on silt laminae in greensand. Maynard Pass, Wis. 
FiGuRE 5.—RENO MEMBER 
Greensand conglomerate with flat pebbles of underlying wormstone. Near Menomonie, Wis. 
FIGURE 6.—MAzOMANIE MEMBER 
Thin-bedded sandstone of Berkey’s (1897) type Franconia. Taylors Falls, Minn. 








BULL. 





ee RE PURITY aT 


BULL. GEOL. SOC. AM., VOL. 65 


FRANCONIA OUTCROPS 





BERG, PL. 1 





a 








a at EMEP TONER 








lop) 











REGIONAL STRATIGRAPHY 


Franconia formation 


Reno member—116.0 feet 


16. 


wn 


15. 


13. 


oo 


- 


A) 


+ 


w 


Conglomerate, matrix of buff, fine- 
grained, sandy dolomite with glauconitic 
laminae, pebbles of siltstone, small and 
rounded or discoid up to 5 inches in 
WII ose Sho oe erdasn, o10-5, ake ae natal 


Greensand, dark greenish gray, moder- 
ately glauconitic, thin-bedded, cross- 


. Sandstone, brown or light gray, fine- 


grained, micaceous, laminated, gently 
cross-bedded. Dikelocephalus postrectus 


Wormstone, brown, some interbedded 
buff silt, several 6-inch beds of cross- 
bedded @reeneand ...... 0.5... eneces 


. Greensand conglomerates, two 6-inch 


beds separated by wormstone.......... 


. Wormstone, gray brown, glauconitic, 


several 3-inch beds of green sand and 
greensand conglomerates.............. 


. Greensand, dark gray to green, fine- 


grained, thin-bedded, cross-bedded, 
laminae of buff silt and gray shale, some 
orange wormstone near base........... 


. Wormstone, dark green gray, moder- 


IE soon sink cigs anennas 


. Sandstone, gray, fine-grained, micaceous, 


laminated, glauconitic, much interbedded 
gray shale. Prosaukia misa fauna....... 


. Wormstone, green-gray, glauconitic... . 


Sandstone, gray-brown, fine-grained, 
micaceous, laminated. Prosaukia misa 


. Greensand, highly glauconitic, weathered 


to red or brown, two beds separated by 
SOONG WOETMEUONG 65 oie i ea sicie cies 


. Greensand, dark gray to green, fine- 


grained, abundant gray shaly worm 
Ee an roles Som cae coe t teees 


. Sandstone, gray, fine-grained, micaceous, 


moderately glauconitic, shaly.......... 


. Wormstone, with thin beds of greensand 


and gray sandstone. Plychaspis striata 
fauna 20 feet above base.............. 


Tomah member—9.5 feet 


i. 


Sandstone, gray to brown, fine-grained, 
micaceous, slightly glauconitic, thin- 
bedded with much interbedded gray 
shale. Conaspis fauna 


6.0 


4.0 


2.0 


2.5 


14.5 


14.0 


2.5 
3.5 


1.5 


1.5 


9.0 


2.5 


28.0 
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Wormstone is the dominant rock type of the 
member, and although it resembles Birkmose 
wormstone it contains considerably more 
glauconite, up to 30 per cent. Reno greensand 
is fine- to very fine-grained and cross-bedded. 
The color grades from light gray to dark green 
with about 25 per cent of disseminated glauco- 
nite grains producing a salt-and-pepper texture. 
In addition to wormstone and greensand, the 
member usually contains fine-grained, micace- 
ous, laminated sandstone in fossiliferous beds 
6 inches to 3 feet thick. It is similar to that of 
the Tomah member but has more glauconite. 

Oscillation ripple marks up to 3 inches in 
length are present in the greensands (PI. 1, 
fig. 4), and mud cracks may occur on silt 
laminae but are incomplete and somewhat 
irregular. 

Thin beds of flat-pebble conglomerate occur 
within the upper 40 feet of the member. The 
highly glauconitic sandstone matrix contains 
pebbles that are discoid, rarely exceed 6 inches 
in diameter, and are composed of glauconitic 
sandstone and wormstone, usually identical 
to the underlying rock (PI. 1, fig. 5). Ordinarily 
several 3- to 6-inch beds of greensand conglom- 
erate occur within a short vertical distance, 
but beds range up to 2 feet thick. The greensand 
conglomerates may thin and disappear in a 
single outcrop. The top bed of the member is a 
siltstone conglomerate having a matrix of 
glauconitic, sandy dolomite. In Houston and 
Vernon counties the conglomerate forms a 
continuous bed 6 feet thick, but in other areas 
it is Ienticular and 6 inches to 2 feet thick. 
According to the Conference Classification 
(Twenhofel, Raasch, and Thwaites, 1935, p. 
1705) this bed is included in the “basal con- 
glomerate and greensand’” member of the 
Trempealeau (St. Lawrence) formation, but in 
rock type the bed is most similar to the Reno 
member. 

Fossils are found only in the laminated sand- 
stone beds of the Reno member, and species of 
the Ptychaspis-Prosaukia zone (“Hudson mem- 
ber’) are common. The Dikelocephalus pos- 
trectus fauna occurs within a few feet of the 
top, and the base of the “Bad Axe member’ 
usually was placed at one of the several green- 
sand conglomerates by Twenhofel, Raasch, 
and Thwaites (1935, p. 1734). 








Mazomanie Member 


Ulrich (1920, p. 73-76) introduced the name 
Mazomanie for “a more or less decidedly cal- 
careous sandstone formation, approximately 
100 feet in thickness” exposed along the Wis- 
consin River south of the Baraboo Range. 
After a study of sections in central Wisconsin, 
Ulrich (1924, p. 79) concluded that the Mazo- 
manie is “a distinct formation that wedges in 
from the east in Wisconsin between the top of 
the Franconia and the base of the St. Lawrence 
limestone.” Ulrich differentiated the Mazo- 
manie from the Franconia by the presence of 
dolomite and the relatively small amount of 
glauconite, but his principal criterion was the 
“Mazomanie fauna”, the Prosaukia subzone of 
present usage. He postulated that the Fran- 
conia was deposited first in western Wisconsin 
followed by deposition of the Mazomanie in 
central Wisconsin, partially overlapping the 
Franconia. Twenhofel, Raasch, and Thwaites 
(1935, p. 1702) rejected the name Mazomanie 
because the ‘Mazomanie [fauna] continues 
westward to the Mississippi River and beyond”, 
and, therefore, the sedimentary relations de- 
scribed by Ulrich do not exist. 

From the Mississippi eastward into Wis- 
consin, interbedded nonglauconitic sandstone 
in the Franconia greensands thicken until in 
central Wisconsin the entire Franconia above 
the Tomah member is composed of nonglauco- 
nitic and dolomitic sandstone. It is proposed here 
to revive the name Mazomanie for this facies 
that intertongues with the Reno member. 

In the type area along the Wisconsin River, 
the Mazomanie sandstone constitutes more 
than three-fourths of the Franconia thickness. 
It is best exposed at Ferry Bluff, a locality 
mentioned by Ulrich (1920) and situated across 
the river from the town of Mazomanie. 


Section at Ferry Bluff, SW sec. 20,T.9 N., R.6 E., 


Sauk, Co., Wis. 
St. Lawrence formation Feet 
15. Siltstone, buff, thin-bedded, dolomitic... 2.0 


Franconia formation 


Reno member—?24.5 feet 
14. Greensand, gray to brown, moderately 


glauconitic, poorly exposed............ 
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13. Covered. At Mazomanie this interval is 
cross-bedded, moderately glauconitic 
greensand, with buff silt laminae and a 
6-inch bed of greensand conglomerate. .. 


Mazomanie member—116.5 feet 

12. Sandstone, white to yellow, friable, and 
yellow brown, dolomitic sandstone in 
alternating beds 2 to 3 feet thick, fine- 
grained, cross-bedded, flat pebbles in 
several dolomitic beds................ 5 

11. Sandstone, white to yellow, fine-grained, 

cross-bedded, some beds slightly glau- 

SRY SR te Be pean 


NS ad 3 sc xacdtnciaae tuck ahtrate sears 


14.0 


10. 6.0 

9. Sandstone, yellow, fine-grained, cross- ° 
bedded, partly dolomitic above, slightly 
glauconitic i in lower 4 feet............. 


8. Dolomite, brown, coarsely granular, very 
sandy, glauconitic, cross-bedded. Orthid 
brachiopod near top.................. Ta 

7. Conglomerate, 3-inch pebbles of white 
sandstone in matrix of brown, medium- 
to coarse-grained, glauconitic, dolomitic 
NI c.f 6 5 sca o x Sete ed eee ene 1.0 

6. Sandstone, yellow-brown, medium- 
grained, slightly glauconitic, cross- 
bedded, somewhat dolomitic........... 


5. Sandstone, yellow brown, medium- 
grained, cross-bedded, with streaks of 


greensand up to 3 inches thick......... 4.0 


Birkmose member—1.0 foot exposed 
4. Greensand, dark greenish gray, | fine- to 
medium- grained, cross-bedded. , 


Dresbach formation 
Galesville member—27.0 feet exposed 


3. Covered 


6.0 


2. Sandstone, white, medium- to coarse- 
grained, gently cross-bedded, conglomer- 
atic at base with pebbles of quartz and 


rk PLS eet rer errs 20.0 


1. Sandstone, white, medium- to fine- 
grained, horizontally bedded, silty near 


Typical Mazomanie consists of quartzose, 
fine-grained, well-sorted sandstone that has 
nearly 80 per cent of the grains in the }¢ mm 
grade size. The sandstone is yellow to white and 
cross-bedded. Glauconite grains are usually 
lacking and never exceed 5 per cent. Brown 
cross-bedded, dolomitic sandstone beds 1 to 3 
feet thick are commonly interbedded with 
yellow sandstone, and the contact between 
the beds is everywhere gradational. Coarse- 
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grained dolomite constitutes about 40 per cent 
la of the most highly dolomitic beds with 10 per 


18.5 | cent calcite cement and 50 per cent detrital 
quartz. Garnet is the dominant heavy acces- 

nd sory mineral (Pentland, 1931). 
hn Another type of nonglauconitic sandstone 
in included in the member is fine- to very fine- 
52.0 | grained and thin-bedded (PI. 1, fig. 6). Bedding 


is generally horizontal, but long, gently in- 
u- clined cross laminations are common. It is 
similar to Tomah sandstone but lacks inter- 
) bedded shale. The thin-bedded sandstone in 
. central Wisconsin overlies the Tomah member 
> }and underlies the cross-bedded, dolomitic 
20.5 | Mazomanie; in the northern St. Croix Valley 
it replaces both the Tomah and Reno members, 
aA and cross-bedded Mazomanie is confined to 
7.5 § the top of the formation. The relationship be- 
tween thin-bedded and cross-bedded Mazo- 
manie is not clearly demonstrable throughout 
ic the outcrop area because of poor exposures. It 
- 1.0 } does seem that the lateral and upward change 
isfrom Franconia greensand (including Tomah 
5- ‘ sandstone) through thin-bedded Mazomanie 
- ae to cross-bedded Mazomanie, and that cross- 
1- bedded Mazomanie represents the nearest-shore 
of phase of the nonglauconitic facies. 
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sae Berkey’s type Franconia section is composed 
of thin-bedded Mazomanie sandstone; it is the 
° 1.9 | section to which the Minnesota Geological 
a Survey (Stauffer, Schwartz, and Thiel, 1939) 
applied the name “Taylors Falls member,” 
but with a faunal definition. If it were possible 
6.0 in most areas to outline the stratigraphic dis- 
7 tribution of the thin-bedded Mazomanie, this 
unit would deserve recognition as a member, 
I ! and the name “Taylors Falls” might be re- 
. 20.0 ? 
vived. 
The Mazomanie member, then, consists of 
7.9 | two rock types: a cross-bedded, dolomitic sand- 
stone dominant in the type area, and a thin- 
rtzose, bedded sandstone well exposed only in the 
ut has # St. Croix Valley. The thin-bedded Mazomanie 
lg mm __ isa distinct type distinguished from the Tomah 
iteand | by the absence of interbedded shale, but the 
isually , regional relationships between the two Ma- 
Brown § zomanie rock types cannot be determined in 
1 to 3 § detail. The term Mazomanie has been expanded 
_ with § to include all sandstones that constitute a non- 
tween § glauconitic facies to the north and east. 


‘oarse- 


Well-preserved fossils are rare, but weathered 
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and case-hardened boulders of cross-bedded 
sandstone have yielded excellent specimens of 
Prosaukia subzone species. This fauna, on which 
Ulrich’s Mazomanie definition was founded, is 
characterized by species different from those 
in the Reno greensands (Berg, 1953, p. 557). 


Paleontography 


The sequence of faunas of the Franconian 
Stage in the Upper Mississippi Valley was 
outlined by Twenhofel, Raasch, and Thwaites 
(1935) and based on the work of G. O. Raasch. 
With only a minor change in nomenclature, 
the zonation is that published in the Cambrian 
Correlation Chart (Howell et al., 1944). Fran- 
conian trilobites from Minnesota and Wisconsin 
were described by Owen (1852), Hall (1863), 
Whitfield (1880), and Ulrich and Resser (1933), 
with lesser contributions by Resser (1937; 
1942) and others. The recent papers by Nelson 
(1951), Bell, Feniak, and Kurtz (1952), and 
Berg (1953) complete the illustration of im- 
portant species. As now recognized the sub- 
divisions of the Franconian Stage are, in de- 
scending order: 

Dikelocephalus postrectus zone 
Ptychaspis-Prosaukia zone 
Prosaukia subzone 
Prosaukia misa-Prosaukia longicornis 
facies 
Ptychaspis subzone 
Ptychaspis siriata teilzone 
Ptychaspis granulosa teilzone 
Stigmacephalus oweni and Psalaspis faunules 
Conas pis zone 
Taenicephalus subzone 
Taentcephalus alius teilzone 
Maustonia nasuta teilzone 
Parabolinoides palatus teilzone 
Eoorthis subzone' 
Irvingella major zone 
Elvinia zone 

The Briscoia zone (Howell et al., 1944) has 
not been identified in the present study. 

The Elvinia fauna is widespread, and its 
species are fully described by Nelson (1951, 
p. 767) and Bell, Feniak, and Kurtz (1952, p. 
177). Elvinia roemeri is rare, and the zone is 
characterized by Camaraspis convexa, which is 
most abundant in the uppermost Woodhill 
member. 

The Irvingella major zone (Wilson and 
Frederickson, 1950), formerly the Ptycho- 
pleurites zone, is restricted to central Wisconsin. 


bio- 
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Species identified are Jrvingella major Resser, 
Comanchia amplooculata (Frederickson), Sul- 
cocephalus cf. S. candidus (Resser), and Lingu- 
lepis n. sp. The zone has been found in the basal 


MAP EXPLANATION 
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in more than one member. The zone trans. 
gresses lithic boundaries and occupies succes. 
sively higher stratigraphic positions from the 
area in which the Reno greensands dominate 














Franklin 
Hustler 


SECTION AA’ 


Friendship 
Goalesville Mound 


Brownsville Cooley Hill 


FicureE 3.—CONASPIS Zone THICKNESS AND FACIES 


Diagrammatic cross section, AA’ shows the relation of Conaspis zone subdivisions to members: E-Eoorthis 
subzone, P-Parabolinoides palatus teilzone, M-Maustonia nasuta teilzone, T- Taenicephalus altus teilzone. 


Tomah member at four localities: Friendship 
Mound, Horseshoe Bluff, and Springville 
Township in Adams County, and Dellona 
Township in Sauk County. If the zone does 
occur farther west, it probably is within the 
lower Birkmose member where fossils are 
rare. 

Species of the Conaspis zone have been de- 
scribed (Berg, 1953, p. 555), and three teilzones 
of local importance are recognized in the 
Taenicephalus subzone. The Conaspis fauna, as 
well as the other Franconian faunas, is present 
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prominent. The “climb” of the faunas from 
west to east is illustrated by selected sections 
from the Mississippi River to central Wisconsin 
(Fig. 3). In the west Eoorthis sp. has been found 
in a Birkmose conglomerate near Brownsville, 
and Parabolinoides palatus occurs near the top 
of the Birkmose at Galesville. The Maustonia 
nasuta teilzone has not yet been found along 
the Mississippi, but the holotype of Kendallia 
eryon of that assemblage is from this area. The 
Taenicephalus altus teilzone is common in the 


- 


The 
lower 
upper 
of imp 
Feniak 
granule 
its bas: 
which 
the St 
and th 
ber in 
(Bell, 
Ptycha 
stratig 
to the 
some € 
distrib 
alus o 
beddec 
been { 
revers 
The c 
appare 
Prosat 
dicatin 
expres 

The 
menta 
called 
the F 


ie trans- 
3 SuCces- 
rom the 
lominate 











i 
coorthis 
zone. 


cies is | 
; from 

ctions 

consin + 
found 
sville, 
1e top 
stonia 
along 
dallia 
.. The 





REGIONAL STRATIGRAPHY 


Tomah in Houston County. In the centrally 
located sections, Franklin and Hustler, Eoor- 
this occurs in dolomite at the top of the Birk- 
mose, P. palatus and M. nasuta in the Tomah, 


} and at Franklin 7. altus is found in the basal 


Reno. In the east Eoorthis occurs in the basal 
| Tomah overlying the Jrvingella major fauna at 
Horseshoe Bluff, M. nasuta occurs in thin- 


eed 


bedded Mazomanie at Cooley Hill, and the T. 
altus teilzone is represented by Croixana sp. in 
cross-bedded Mazomanie at Friendship Mound. 

There is no apparent sedimentary control on 
the distribution of the teilzones, and it is as- 
sumed that each represents a unit of essentially 
contemporaneous deposition. Thus, Tomah 
sand and shale were deposited in the east during 
the formation of Birkmose greensand and con- 
glomerate in the west, and Mazomanie sand 
was deposited in the east at the same time as 
Tomah sand and shale in the west, with an 


' intermediate area of Reno greensand deposition. 


The Ptychaspis subzone is divided into a 


| lower Ptychaspis granulosa teilzone and an 





n the 


upper Ptychaspis striata teilzone, assemblages 
of importance in the Mississippi Valley (Bell, 
Feniak, and Kurtz, 1952, p. 176). The P. 
granulosa teilzone has two local assemblages in 
its basal part: the Stigmacephalus oweni faunule 
which is dominant in the Mazomanie facies of 
the St. Croix Valley (Nelson, 1951, p. 768), 
and the Psalaspis faunule in the Tomah mem- 
ber in the area between Arkansaw and Reads 
(Bell, Feniak, and Kurtz, 1952, p. 176). The 
Ptychaspis subzone faunas also exhibit a 
stratigraphic climb from the Mississippi valley 
to the St. Croix Valley (Figs. 4, 6). There is 
some evidence of environmental control on the 
distribution of these faunas. The Stigmaceph- 
alus oweni faunule is best developed in thin- 
bedded Mazomanie sandstone but has never 
been found in Reno greensands, whereas the 
reverse is true of the Ptychaspis striata teilzone. 
The climb of the teilzones is interrupted by 
apparent truncation beneath the overlying 
Prosaukia subzone, a condition perhaps in- 
dicative of rapid change of environment not 
expressed in the sediments. 

The Prosaukia subzone shows an environ- 
mental segregation of species. An assemblage 
called the Prosaukia misa biofacies occurs in 
the Reno greensands and the thin-bedded 
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Mazomanie, whereas the Prosaukia longicornis 
biofacies is restricted to the cross-bedded 
Mazomanie sandstone (Berg, 1953, p. 557). 

The Dikelocephalus postrectus fauna in Min- 
nesota has been described by Bell, Feniak, and 
Kurtz (1952, p. 177) and occurs only in the 
uppermost part of the Reno member near 
Reno and at Winona. In Wisconsin the fauna 
has been reported by Twenhofel, Raasch, and 
Thwaites (1935, p. 1732, 1734) from the Victory 
and Tunnel City sections, and the holotype of 
D. postrectus comes from the Mazomanie 
member near Reedsburg, Sauk County. 

The limits of the Franconian Stage were 
defined to coincide with the Franconia forma- 
tion, and this has resulted in artificial faunal 
boundaries. The greatest faunal change takes 
place between the Ptychaspis and Prosaukia 
subzones. Saukinid trilobites first appear in the 
Prosaukia subzone, and together with species 
of Dikelocephalus they form the dominant group 
in the overlying Trempealeauan Stage. Re- 
definition of stage boundaries would place the 
contact at the more obvious faunal change 
within the Reno and Mazomanie members. 


LocaL STRATIGRAPHY 
St. Croix Valley 


Franconia sections in the St. Croix Valley 
include the type section of the formation. The 
cross section (Fig. 4) illustrates the lithic and 
faunal correlation of exposures that extend from 
Taylors Falls, Chisago County, to Afton, 
Washington County, Minnesota. 

The Franconia is best exposed in the Hudson- 
Afton area where its estimated thickness is 190 
feet (indicated at top of formation in Fig. 4). 
The Woodhill apparently maintains a uniform 
thickness of 18 feet. At Hudson the base is 
marked by a thin bed of very coarse sandstone 
studded with small pebbles and is overlain by 
alternating beds of cross-bedded sandstone and 
poorly sorted beds with worm borings. At 
Franconia the Woodhill consists of cross-bedded, 
medium-grained sandstone with quartz pebbles 
in the upper half. In the town of Taylor Falls, 1 
mile north of the Taylors Falls section, a 
boulder conglomerate containing the Elvinia 
fauna rests on Precambrian diabase. This is the 
Mill Street conglomerate of Berkey (1897) and 








870 


represents a shore phase of the Woodhill 
member. 

The Birkmose member is nearly 30 feet thick 
and consists of wormstone and greensand. At 
Taylors Falls there is no terminal conglomerate, 
but more than half the upper portion is dol- 
omitic with interbedded buff siltstone and 
greensand. The Tomah is 28 feet thick at 
Hudson and thins rapidly to the north. Only 8 
feet is expesed at Marine, and the member 
pinches out between there and Franconia. 

Above the Tomah a tongue of thin-bedded 
Mazomanie sandstone is slightly glauconitic at 
Hudson but nonglauconitic to the north. The 
tongue thickens northward, and at the Fran- 
conia type section it constitutes the entire 
exposure above the Birkmose member. A tongue 
of Reno greensand and wormstone extends 
north from Hudson and interfingers with white 
Mazomanie sandstone at Copas. The upper 
Mazomanie tongue consists of thin-bedded 
sandstone below and cross-bedded, dolomitic 
sandstone above. 

Dashed lines in Figure 4 show the approxi- 
mate boundaries between faunal zones, and the 
indicated fossil collections were made by Nelson 
(1951). The Elvinia zone occurs in both the 
Woodhill and Birkmose members, and above 
Elvinia the zones climb to the north. The 
Conaspis zone at Hudson is represented by the 
Taenicephalus altus teilzone in 3 feet of upper 
Birkmose conglomerate and basal Tomah 
sandstone. The zone thickens rapidly north- 
ward, and at Taylors Falls it becomes more than 
90 feet thick by the addition of the Hoorthis 
subzone and Maustonia nasuta teilzone beneath 
the expanded T. altus teilzone. Similarly in the 
Ptychaspis subzone, the Stigmacephalus oweni 
faunule expands into the lower Mazomanie 
tongue, and the occurrence of Ptychaspis 
granulosa is restricted to Arcola and Hudson. 
Ptychaspis striata is not found in the St. Croix 
Valley. In the Prosaukia subzone, the Prosaukia 
misa biofacies is present in the Reno member at 
Afton, Hudson, and Arcola, and in thin-bedded 
Mazomanie sandstone at Copas. The Prosaukia 
longicornis biofacies is confined to cross-bedded 
Mazomanie sandstone at Hudson and Marine. 


Dunn County 


Incomplete exposures in the Dunn County 
area (Fig. 5) show member relationships similar 
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to those in the St. Croix Valley. Outcrops a. 
tend from Dallas in southern Barron County, 
through Dunn County, to Arkansaw in north. 
ern Pepin County, Wisconsin. 

The Woodhill is 34 feet thick at Arkansay, 
Three divisions are well developed: a lower, tion » 
coarse-grained and poorly sorted sandstone g) tion loc 
feet thick, a middle coarse-grained but well, “llecti 
sorted sandstone 22 feet thick, and upper beds! *® bY ! 
of cross-bedded and worm-bored sandstone ¢  !81)- 


Expo 
show a 
not reat 





feet thick. The Birkmose has a maximum thick The 
ness of 38 feet at Panther Hill where locl Atk@ns 
Crescer 


thickening is due to the dominance of cross- 
bedded greensand. In other sections wormstones’ and ho 
and conglomerates are most common. The silt, the 
Tomah is completely exposed only at Wheeler; | tled w 
it is 23 feet thick and contains some interbedded) eet ™ 
laminae of dolomitic siltstone. bedded 

Reno-Mazomanie intertonguing is identical and th 
to that of the St. Croix Valley. Thin-bedded or} dominz 
very gently cross-bedded, white sandstone con- | S°Uth é 
stitutes the lower Mazomanie tongue. At the’ most 
base of the Reno tongue an unusual greensand | studde 
conglomerate contains pebbles of white and phase 


brown sandstone carrying a mixed fauna of of gree 
Conaspis parvafrons and species of the Ptychas- erates 
pis granulosa teilzone. This is the only Reno °"t@u 
conglomerate with pebbles sufficiently in- Minne 
durated to preserve fossils. The upper Mazom- Tomat 
anie tongue is thin-bedded in the lower halff vetam 
with several beds of nonglauconitic wormstone, Gales. 
whereas the upper half is cross-bedded sand- = 
stone partially leached of its dolomite. No me 
complete exposure of the Franconia exists, but half th 
the correlation of sections indicates a maximum ar. 9} 
thickness of about 210 feet at Ridgeland. # lamin: 


The contact between the Elvinia and Con-) hedde 
aspis faunas falls within the upper Birkmose the R 
member except at Panther Hill. The Maustonia  termii 
nasuta teilzone is present in the basal Tomah, to 6 fe 
and the Taenicephalus altus teilzone extends The 
through the Tomah and into the lower Ma-) Conas 


zomanie tongue at Wheeler. Rock containing Arkar 
the Ptychaspis granulosa fauna probably was > 
e 


eroded soon after its deposition, and the zone} , 
appears to pinch out northward. At Ridgeland bolino 
the Prosaukia misa biofacies occurs in Reno and . . 
thin-bedded Mazomanie sandstones, and the™ — 
; : ‘ : . | teilzo 
highest collection contains the Prosaukia longi- ; ; 
cornis biofacies in cross-bedded Mazomanie > 


sandstone. 


where 
occur 


Nati ncsaciest 


tcrops er. Mississippi Valley 
. County, ee st, | . ° 
in north.) Exposures along the Mississippi (Fig. 6) 


show a uniformity of the Franconia in an area 
Arkansaw,| not reached by the Mazomanie facies. In addi- 
: a lower) tion to illustrating rock types, the cross sec- 
ndstone 6) tion locates the stratigraphic position of fossil 
but well. Collections from southeast Minnesota referred 
pper beds) ' by Bell, Feniak, and Kurtz (1952, p. 179- 
idstone 6) !81). 
um thick. The Woodhill thickens from 33 feet at 
ca], Atkansaw to a maximum of 44 feet at La 
of cross. Crescent. Here the basal 6 feet is coarse-grained 
yrmstones’ and horizontally bedded with laminae of gray 
10n. The! ' silt, the middle 25 feet coarse-grained and mot- 
Wheeler; ‘tled with orange borings, and the upper 13 
erbedded |feet medium-grained, well sorted, and cross- 
bedded. The Birkmose consists of wormstone 
identical 40d thin greensand beds at Arkansaw, and the 
edded or dominance of wormstone is maintained as far 
fone con. South as Minneiska. At Winona and Galesville 
_ At the | most of the member is silty, dolomitic, and 
studded with large glauconite grains. This 
phase represents a change to the thinner unit 
of greensands and lenticular dolomite conglom- 
erates found in Houston County. The Tomah 
contains beds of wormstone from Arkansaw to 
Minneiska. The wormstone was derived from 
Tomah-type sandstone, and many beds still 
retain lamination and shaly partings. From 
Galesville south, the Tomah contains more in- 





1ere | 


naa 
hite and 
fauna of 
Ptychas- 
ily Reno 
ntly in- 
Mazon- 
wer halfé 


rmstone ; | 
Jd on 4. terbedded shale than is common in other areas. 
ne No Glauconitic wormstones dominate in the 


Reno member, and the Reno itself forms over 
half the total thickness of the formation. Fossils 
are obtained from thin beds of pink to gray 


ists, but 
aximum 
id. 


* laminated, micaceous sandstone. Thicker, cross- 
nd Con-" bedded greensands occur in the upper half of 
irkmose the Reno, and at the top of the member the 
austonia terminal dolomite conglomerate ranges from 1 
Tomah, to 6 feet thick. 
extends. The boundary between the Elvinia and 
er Ma-| Conaspis zones is in the upper Birkmose from 
\taining Arkansaw to Minneiska but is near the middle 
sly was of the member at Galesville and Brownsville. 
he zone Lhe lowest Conaspis collections contain Para- 
igeland! bolinoides palatus at Galesville and Misha 
sno and | Mokwa and Eoorthis at Brownsville; all other 
nd thed collections represent the Taenicephalus altus 
. longi-4 teilzone. The Ptychaspis granulosa teilzone and 
neni its basal faunules are present in the north, 


\ whereas only the Ptychaspis striata teilzone 
/ occurs south of Minneiska. The Prosaukia 
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subzone is represented by the Prosaukia misa 
biofacies near the middle of the Reno member, 
and the Dikelocephalus postrectus fauna occurs 
near the top of the formation at Winona, Hell 
Hollow, and Victory. 


Buffalo River Valley 


Three incomplete sections in the Buffalo 
River Valley of Wisconsin show an unusual 
phase of the Franconia (Fig. 8). At Praag, 
Buffalo County, the Birkmose has cross-bedded, 
red-brown dolomite at the top and is overlain 
by wormstones of the Reno member. The worm- 
stones are glauconitic and shaly, but some beds 
preserve the lamination found in Tomah 
sandstone. The beds probably were formed by 
organic reworking of Tomah sandstone. Thin 
beds of laminated and glauconitic sandstone 
interbedded with the wormstone contain fossils 
of the Taenicephalus alius and Ptychaspis 
striata teilzones. Near Mondovi in northeast 
Buffalo County, the Birkmose member has only 
1 foot of red-brown dolomite at the top and is 
overlain by worm-bored, laminated sandstone 
and glauconitic wormstone of the Reno mem- 
ber. The section also includes a 4-foot non- 
glauconitic bed. In Dramman Township, 
southwest Eau Claire County, the Birkmose is 
30 feet thick but lacks dolomite at the top. The 
Birkmose and Reno members are separated by a 
15-foot bed of white sandstone, probably a 
tongue of thin-bedded Mazomanie sandstone. 


’ Houston to Adams Counties 


The Franconia is best exposed from Houston 
County in southeast Minnesota through La 
Crosse, Monroe, and Juneau counties to Adams 
County in central Wisconsin (Fig. 7). 

Three divisions of the Woodhill, as described 
above, can be recognized from La Crescent to 
Tunnel City, but in the type area only two 
occur, the lower coarse-grained and poorly 
sorted and the upper medium-grained and well 
sorted. At Friendship Mound only a single unit 
of cross-bedded sandstone with a basal grit is 
present. The Birkmose in Houston County 
ranges from 9 to 18 feet thick and consists of 
interbedded greensand, siltstone, and lenses of 
dolomite conglomerate. It thins eastward to 4 
feet of greensand and dolomite conglomerate, 
but at Brush Creek the member is unusually 
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mose is thin and somewhat variable, the con- 
centration of glauconite at this horizon makes 
ita useful key bed. The Tomah is 28 feet thick 
at the type locality, Maynard Pass, and thins 
toa minimum of 9 feet both to the east and to 
the west. 
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Upper half of Lone Rock section from Twenhofel, 
Raasch, and Thwaites (1935, p. 1726) 


The Reno and Mazomanie interfinger 
throughout the central area. Two feet of yellow 
Mazomanie sandstone is present in the Frank- 
lin section, but at Brush Creek yellow sandstone 
is thinly interbedded with greensand and worm- 
stone. Only the basal 6 feet of the Mazomanie 
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is now exposed at Maynard Pass and Tunnel 
City, but Twenhofel and Thwaites (1919, p. 
625) give a maximum thickness of 50 feet of 
yellow sandstone. They described the member 
as “thick-bedded, horizontal and cross-lam- 
inated yellow and gray sandstone” and observed 
some greensand that indicates interfingering 
with the Reno member. Goodenough Hill 
shows two tongues of Mazomanie sandstone 
separated by 5 to 10 feet of Reno greensand. 
The lower tongue is 15 feet thick, cross-bedded, 
and friable. The upper tongue is 56 feet thick 
and, in the lower haif, is thin-bedded with shaly 
worm borings in some beds. The upper half is 
white to brown, cross-bedded, and dolomitic. 

Twenhofel, Raasch, and Thwaites (1935) 
defined a “basal conglomerate and greensand” 
member of the Trempealeau formation, 14 feet 
thick as identified at Goodenough Hill (Twen- 
hofel, Raasch, and Thwaites, 1935, p. 1729). 
This unit is Reno wormstone and greensand, 
and the half-foot basal conglomerate is one of 
three greensand conglomerates near the top 
of the member here and at other localities. 

The Franconia in Adams County is poorly 
exposed in erosional outliers. On Friendship 
Mound the Mazomanie member is medium- to 
coarse-grained sandstone, completely leached of 
dolomite. The character of the member is well 
shown in fresh exposures at Cooley Hill where 
a small quarry at the base of the section has 6 
feet of thin-bedded Mazomanie, and a road cut 
higher in the section exposes cross-bedded 
Mazomanie with alternating beds of white 
friable sandstone and brown dolomitic sand- 
stone. At the top of Horseshoe Bluff a 2-foot 
bed of brown sandstone contains scattered 
glauconite grains; it suggests a tongue of Reno 
greensand at the top of the formation. The 
contact with the St. Lawrence has not been 
observed in Adams County, but a minimum 
thickness of 150 feet for the Franconia is sug- 
gested. 

The rise of faunal zones to the east is charac- 
teristic above the Elvinia zone, and the climb 
of teilzones of the Conaspis fauna is described 
above (Fig. 3). The Irvingella major fauna is 
found only in Adams County in the basal 
Tomah member. Ptychaspis granulosa occurs 
in the Reno member in the Mississippi Valley, 
but only Ptychaspis arcolensis of the Stigma- 


R. R. BERG—FRANCONIA FORMATION 


cephalus oweni faunule is present in the Ma- 
zomanie member of Adams County. In the 
Prosaukia subzone, the P. misa biofacies is 
present in the Reno member, and the P, 
longicornis biofacies in the Mazomanie member. 
The Dikelocephalus postrectus zone occurs at 
Hell Hollow and was reported from the Tunnel 
City section by Twenhofel, Raasch, and 
Thwaites (1935, p. 1732). 


Baraboo Area 


Outcrops in Sauk County immediately north 
of the Baraboo Range demonstrate a thinning 
of all members except the Mazomanie. At 
Ironton the Woodhill sandstone is 2 to 8 feet 
thick and is distinguished from the underlying 
Galesville only with difficulty. At Dellona the 
Galesville is medium-grained and well sorted 
and is overlain by 1 foot of coarse, red-brown 
Woodhill sandstone. The Birkmose consists of 
1 foot of glauconitic red clay. Above the Birk- 
mose is thin-bedded sandstone that contains 
the Irvingella major and Eoorthis faunas. Al- 
though weathered and poorly exposed, the unit 
appears to contain the interbedded shale of the 
Tomah member. Elsewhere in Sauk County 
the major portion of the Franconia consists of 
cross-bedded Mazomanie sandstone, but a 
complete exposure was not found. 

Wanenmacher, Twenhofel, and Raasch 
(1934) and Raasch (1935) have described the 
Franconia within the Baraboo Range. Accord- 
ing to them, the formation is about 60 feet 
thick and contains coarse basal beds of con- 
glomerate and grit that lie on Precambrian 
quartzite or on finer-grained Dresbach sand- 
stone. The basal beds, probably a shore phase 
of the Woodhill, are succeeded by 15 feet of 
brown, sandy dolomite containing <oorthis 
remnicha and Billingsella major. Above the 
dolomite is white to yellow, medium- to coarse- 
grained, cross-bedded Mazomanie sandstone 
containing the Ptychaspis, Prosaukia, and 
Briscoia faunas. The uppermost 10 to 15 feet 
of the formation is fine- to medium-grained 
Reno greensand. 


Wisconsin River Valley 


Exposures south of the Baraboo Range and 
along the Wisconsin River (Fig. 9) show the 
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relationship between Mazomanie of the type 
area and Franconia greensands to the west. At 
Ferry Bluff the lowest Franconia bed is 1 foot 
of cross-bedded greensand of the Birkmose 
member. Above, the Mazomanie is 116 feet 
thick, cross-bedded, and dolomitic. A 7-foot 
bed of brown, sandy dolomite near the base, 
containing an orthid brachiopod, is equivalent 
to the dolomite of the Baraboo area described 
by Wanenmacher, Twenhofel, and Raasch 
(1934). A Reno tongue of moderately glauco- 
nitic greensand about 25 feet thick occurs at 
the top of the formation. 

At Lone Rock and Sextonville the Woodhill 


feet of sandy dolomite, greensand, and a basal 
conglomerate including fragments of Camaras- 
pis sp. The Tomah contains the Parabolinoides 
palatus and Maustonia nasuta teilzones and, at 
Lone Rock, has two conglomerates composed 
of shale and silt pebbles in a glauconitic matrix. 
Above the Tomah, Reno greensands interfinger 
with thin-bedded Mazomanie sandstone, and 
at Sextonville species of the Ptychaspis striata 


| teilzone occur in the Reno. The outcrop at Blue 


River exposes 7 feet of medium-grained Wood- 
hill sandstone carrying Camaraspis convexa. 
The Reno greensands presumably replace the 
Mazomanie: member in the west to form a 
Franconia section similar to that farther north. 
No complete exposures are known between 
Sextonville and the Mississippi, for outcrops 
show only the upper part of the Reno. 


PALEOGEOGRAPHIC SPECULATIONS 
Significance of Lithic Types 


Glauconite formed in place is rare but does 
occur as scattered grains in thin beds of dol- 
omitic silt and shale in the Birkmose at Gales- 
ville and Sextonville. The grains are dark green, 
smooth, ovoid, and average 1 mm in length, but 
a few are tabular and range up to 3 mm long. 
They probably were not transported with the 
surrounding fine-grained particles. Transported 
glauconite is most common and occurs in sub- 
spherical grains, light yellow green to dark 
green, with irregular lobate surfaces marked 
by cracks. The grains are concentrated in 
cross-bedded greensands, and they are never 
larger than the associated quartz grains. Much 
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glauconite coats detrital quartz and forms dis- 
seminated green dust in some of the silty or 
shaly sandstones. Birkmose greensand usually 
contains the highest percentage of glauconite 
grains (up to 50 per cent), whereas Reno green- 
sand contains about 20 to 30 per cent. 

The distribution of glauconite indicates a 
sedimentary environment in accord with that 
previously suggested for glauconitization (Had- 
ding, 1932; Galliher, 1935; Takahashi, 1939). 
That the accumulation of glauconite takes place 
under conditions of slow sedimentation is in- 
dicated by the greater thickness of the Conaspis 
zone in the Mazomanie member than in the 
Birkmose greensand. The facies relationship 
between the Reno and Mazomanie suggests that 
glauconite formed at a considerable distance 
from shore. However, ripple marks and, more 
rarely, mud cracks found along silty laminae in 
the Reno greensands prove that they were 
formed in shallow water and were sometimes 
exposed to desiccation on tidal flats. Glauconite 
occurs essentially at the site of origin. Glau- 
conitization took place in fine-grained, neritic 
sediments, which were built up to the level of 
effective wave base. Fine particles were win- 
nowed out leaving cross-bedded greensand. 

Franconia glauconite offers no clue as to the 
source materials from which it was derived. The 
Tomah sandstone contains 2 per cent muscovite, 
some of which appears to be stages of alteration 
to glauconite. Most of the muscovite is clear, 
but some flakes show irregular light-green 
stains on the edges, others are yellow green and 
isotropic, and a few show scattered, granular 
aggregates of glauconite but still preserve the 
micaceous form. No gradation was found be- 
tween glauconitized muscovite and the typical 
rounded glauconite grains. The green muscovite 
suggests glauconitization along the cleavage 
planes because of structural similarity, with no 
alteration of the muscovite (J. W. Gruner, 
personal communication). 

Two types of flat-pebble conglomerates are 
common in the Franconia, siltstone and green- 
sand conglomerates, and both indicate local, 
subaqueous fragmentation. Lensing beds of 
dolomitic siltstone conglomerate occur at or 
near the top of the Birkmose and Reno. Silt- 
stone pebbles are gently to steeply inclined with 
respect to the bedding planes and fall into two 
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size classes: either ovoid, rounded, and 1 to 3 
inches in longest diameter, or thin, discoid, and 
4 to 6 inches in diameter. The matrix is com- 
posed of glauconitic, sandy to silty, fine-grained 
dolomite. A second type of conglomerate occurs 
most commonly in thin beds within the upper 
10 to 40 feet of the Reno member. Discoid 
pebbles of soft sandstone range up to 6 inches 
in diameter and 1 inch in thickness and are 
scattered in a greensand matrix. Pebbles are 
rarely abundant and lie nearly parallel to the 
bedding planes. The greensand conglomerates 
are not persistent laterally. The occurrence of 
both conglomerate types with greensands indi- 
cates they formed in shallow water but at a 
considerable distance from shore, probably by 
fragmentation of partially indurated sediment 
during periods of strong wave action. The silt- 
stone conglomerates represent terminal deposi- 
tion of the underlying cross-bedded greensands 
rather than the initial deposits of the overlying 
fine-grained and thinly laminated sediment. 

Highly dolomitic beds of the Birkmose and 
Mazomanie members are clastic rocks, and their 
allochthonous origin is clearly indicated by 
cross-bedding, occasional flat pebbles of silt- 
stone, and gradation into beds of quartzose 
sandstone. Only the red-brown glauconitic 
dolomite of the upper Birkmose contains organic 
debris, rare cystoid (?) columnals. The sandy 
dolomite of the Mazomanie consists of large 
dolomite grains of irregular or rhombic outline 
cemented by clear calcite. Dolomite grains and 
rounded quartz grains alternate in relative 
abundance in successive laminae. These dol- 
omites were deposited in very shallow water; 
the dolomite probably was derived by diagenetic 
alteration of calcite after deposition of calcite 
fragments and detrital quartz. 


Depositional History 


Pre-Franconia deposits of the Dresbach 
formation exhibit a single transgressive-regres- 
sive cycle; the fine-grained, fossiliferous sand- 
stone of the Eau Claire member forms a marine 
wedge that pinches out eastward in central 
Wisconsin and is enclosed by the coarser, cross- 
bedded sandstones of the Mt. Simon and 
Galesville members. Twenhofel, Raasch, and 
Thwaites (1935, p. 1715) postulated that 
Dresbach sedimentation closed with the depo- 
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sition of Galesville sandstone in fresh water, 
following the retreat of a shallow inland sea, 
With the return of marine waters to the area, 
the basal coarse-grained and poorly sorted 
Woodhill sandstone was rapidly deposited in 
the littoral environment by an influx of detritus 
and possibly reworked Galesville sand. The up- 
per Woodhill, cross-bedded and well sorted, was 





deposited more slowly in shallow water. The | 
Franconia sea transgressed from the southwest | 
in the area of maximum Woodhill thickness and } 
progressed northward and eastward to the | 


Taylors Falls and Baraboo 


islands where | 


conglomerates formed by intensive wave action. | 


After the period of rapid transgression, sea | 


level remained relatively stable, and a near 
balance was maintained between sedimenta- 
tion and depression of the area. Glauconite of 
the Birkmose member formed in fine-grained 
sediments that were intermittently agitated and 
washed by wave action, thus forming cross- 
bedded greensand. Partially indurated silt was 
fragmented, and flat pebbles accumulated in 


bottom depressions to form lensing dolomite | 





conglomerates. In the northern half of the area 


greater thicknesses of sediment slowly ac- 
cumulated and were thoroughly burrowed by 
benthonic animals. It may be assumed that the 
lower part of the Birkmose was formed offshore, 


while the upper Woodhill was deposited nearer | 


the strand line, for both members carry the 
Elvinia fauna. 

In early Conaspis time the site of Birkmose 
deposition may have been a shoal area that 
provided a partial barrier and protection from 
wave action for the waters to the east in which 


the interbeddded shale and sand of the Tomah * 


member was deposited (Fig. 3). Tomah deposi- 
tion moved westward and reached the Missis- 
sippi Valley in late Conaspis time. In areas to 
the north, Tomah sediments formed during 
middle and upper Conaspis time or through part 
of Ptychaspis subzone time. Tomah deposition, 
then, was confined to an environment of quiet 
water that was areally restricted and occurred 
in several places at different times. While 
Tomah sand and clay continued to be deposited 
offshore, thicker Mazomanie sands, thin-bedded 
and without clay, accumulated in shallow water 
to the north and east (Fig. 3). Tomah deposi- 
tion ended at any given place by decrease in rate 
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PALEOGEOGRAPHIC SPECULATION 


of sedimentation that favored glauconitization 
and permitted extensive burrowing by ben- 
thonic animals. Finally, greensand and worm- 
stones formed over the entire offshore portion 
of the outcrop area, and Tomah deposition, if 
it persisted, was confined to the area farther 
south and west. 

Intertonguing of the Reno and Mazomanie 
reflects variation in sediment supply and, 
perhaps, some fluctuation in depth of water. 
Nonglauconitic, cross-bedded sands were de- 
posited nearest the shore, and thin-bedded 
sands offshore, while glauconitic wormstones 
and greensands formed still farther from the 
strand line. Increase of detritus extended 
tongues of nonglauconitic sands and displaced 
the environment of glauconitization to the 
south and west. The Taylors Falls and Baraboo 
islands were submerged and eventually covered 
by Mazomanie sands. The final phase of 
Franconia deposition was marked by decrease 
in supply of detritus that resulted in extensive 
glauconitization, the spread of greensand over 
the entire area, and the formation of dolomite 
conglomerates. There is no evidence for regres- 
sional sedimentation. 

Island areas contributed sediments to the 
littoral zone only during early Franconia dep- 
osition. For the most part sediments were 
derived from the Precambrian terrane far to the 
north and east. That the most important 
source rocks were older sediments is indicated 
by the dominance of subrounded quartz and 
the presence of well-rounded grains of only the 
most durable heavy accessory minerals, garnet, 
tourmaline, and zircon. 


MEASURED SECTIONS 
General Statement 


The location of nearly all measured sections 
is given by Nelson (1951 p. 770), Bell, Feniak, 
and Kurtz (1952 p. 178-181), and Berg (1953 
p. 557-559). Seven sections are selected to 
illustrate typical rock types in local areas; they 
are arranged geographically from northwest to 
southeast. 
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Taylors Falls 


Road cut on U. S. Highway 8 and section along 
Pine Point Trail, 1 mile south of Taylors 
Falls, Chisago Co., Minn. Fossils after Nelson 
(1951). 


Franconia formation—110.5 feet exposed 


Mazomanie member—81.0 feet exposed Feet 
7. Sandstone, as below, alternating with 
sandstone, brown, fine, thin-bedded, 
slightly glauconitic laminae, beds 3 to 6 
feet thick. Conaspis parvafrons, C. tumidus, 
Croixana bipunctata, Wilbernia halli..... 


6. Sandstone, white, fine to medium, massive 
or gently cross-bedded, few coarse 
laminae, thin beds of dolomite and silt- 
stone near base. Conaspis perseus, Taeni- 
cephalus shumardi, Billingsella sp........ 26.5 

5. Sandstone, gray to brown, fine, massive to 
thin-bedded. Maustonia nasuta, Taeni- 
cephalus sp., Billingsella sp............. 6.5 

Birkmose member—29.5 feet exposed 

4. Greensand, interbedded gray silty dolo- 
mite. Eoorthis remnicha................ Ko 

3. Siltstone, dolomitic, greensand laminae. 
Parabolinoides contractus, Eoorthis sp... . 


2. Greensand and thinly interbedded dolo- 
GT IE oS ceeniontettesat ane 


1. Greensand, abundant gray shaly worm 
IN op 50,3, 4s cmise dr orsid, nabs eereek Lae 


Hudson 
Section in south part of Hudson along State High- 
way 35 and on adjacent hill, SE%4 sec. 25, T. 
29 N., R. 20 W., St. Croix Co., Wis. Fossils 
after Nelson (1951) 


Franconia formation—171.5 feet exposed 


Mazomanie member—10.0 feet exposed Feet 
18. Sandstone, white to brown, fine, friable, 
cross-bedded, upper dolomitic with white 
sandstone pebbles... ..... 20... .s0sees 10.0 
Reno member—S.0 feet exposed 
17. Wormstone, buff, with cross-bedded 
NN 4.585 <dir Gs dip Siero 5 0d ole draneoad ate 5.0 
Cs  * Nees ere arene orca Vee 
Mazomanie member—8.0 feet exposed 
15. Sandstone, white to brown, fine, friable, 
upper dolomitic, cross-bedded. Chario- 
cephalus whitfieldi, Prosaukia sp. at 
RE te pig iP ue rin ee 8.0 
Reno member—32.5 feet exposed 
14. Wormstone, buff, glauconitic, with sev- 
eral beds of greensand. Prosaukia cf. P. 
dubia, Ptychaspis miniscaensis, er 
pis hudsonensis near base.......... > Oks 
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13. Greensand, fine, cross-bedded, few thin 13. Wormstone, with beds of greensand con- 
MUA ick pas cavaies Odeb cea he nadaa te 5.5 glomerate 6 inches thick.............. 25.0 | 17. Gree 
12. Wormstone, orange, glauconitic........ 2.5 12. Greensand, fine, moderately glauconitic, 16. Wor! 
EOE IRR Oe 4.0 gree! 
WII, co cre eeco voc wid avcaciess wsiven 17.0 
11. Covered (estimated).................. 60.0 | 15. Gree 
Mazomanie member—20.0 feet | ately 
10. Sandstone, yellow to buff, fine to me- Tomah member—26.5 feet } mark 
dium, thin-bedded or gently cross 10. Sandstone, buff, fine, micaceous, thin- : 
bedded, slightly glauconitic, micaceous. bedded, few worm borings. Jdahoia (Psal- | 14. Wor 
Idahoia wisconsensis, Monocheilus ana- aspis) marginata, I. hera, Monocheilus 
tinum, Ptychaspis granulosa........... 20.0 anatinum, Ptychaspis granulosa, Wilber- Mazoma 
nia explanata, Pseudagnostus josepha, 13. Sanc 
Tomah member—27.0 feet Billingsella pepina at base, and Idahoia bede 
9. Sandstone, yellow to buff, very fine, thin- (Psalaspis) pattersoni at top........... 6.0 
ed, micaceous, with interbedded Reno m¢ 
gray shale. Taenicephalus alitus, Wil- 9. Wormstone, buff, micaceous, glauconitic. 2.0 12, Wor 
bernia halli, Pseudagnostus josepha at 1 
foot, Stigmacephalus oweni, S. oweni var. 8. Sandstone, gray, fine, micaceous, inter- 11. Cov 
A, Idahoia hera, Monocheilus anatinum, bedded shale. Jdahoia (Psalaspis) mar- 
Ptychas pis arcolensis, Wilbernia explanata ginata, Monocheilus anatinum, Wilbernia ) 10. Gree 
W. pero at 3 to 12 feet, Monocheilus ana- EN ERE AE PR ite MAE AT 3.0 | grail 
tinum, Ptychaspis granulosa at 14 to 23 bedc 
foot above ase. ..... 2... 0.5 cece ce eee 27.0 7. Wormstone, gray, micaceous, glauconi- worl 
Bs the wievad one bse a aiaited acto eae maw 1.5 eryo' 
Birkmose member—27.0 feet Siig 
8. Dolomite, red-brown, conglomeratic. 6. Sandstone, like bed 8. Stigmacephalus altus 
Taenicephalus alius, Wilbernia sp., Bil- oweni, Taenicephalus cf. T. altus, Wil- 
lingsella cf. B. pepina, Huenella sp. in bernia explanata, Pseudagnostus josepha, 9. Wor 
TI oo 60 6a 248 oo siak toot visa 4038 2.5 Billingsella cf. B. pepina, 6 feet above ; top 
Sel bis Gh ucla seer wae ce ree aw 14.0 j 
7. Greensand. Elvinia roemeri at top...... 9.0 
Birkmose member—27.5 feet Tomah | 
6. Wormstone with thin beds of green- 5. Conglomerate, red brown, dolomitic, 8. San 
RS ee OM ee 15.5 glauconitic, flat pebbles of siltstone, inte 
laminae of buff siltstone.............. 4.5 tap. 
Woodhill member—18.0 feet bifor 
5. Sandstone, yellow, medium to coarse 4. Wormstone, buff to orange, glauconitic, Con 
cross-bedded, inarticulate brachiopods, with thin cross-bedded greensands...... 23.0 Tae 
thin wormstone bed in middle. ........ 3.5 B. 
Woodhill member—33.0 feet 
4. Sandstone, yellow to white, fine to 3. Sandstone, brown, medium, cross- Birkmo: 
coarse, Cross- EE rd gan 7.0 bedded, lower part white silty with 7. Con 
orange worm borings, ripple marks attop 5.5 peb 
3. Sandstone, yellow to gray, medium to san 
very coarse, cross bedded, pebbles and 2. Sandstone, white to brown, medium to 
granules in basal foot................. 7.5 very coarse, massive.................. 22.0 6. Dol 
san 
Dresbach formation 1. Sandstone, brown, medium to coarse, 
Galesville member—21.0 feet a — a 5.5 adic 
2. Sandstone, white to yellow, medium, |  “"C°CCCCUUTUUTt rrr : 
gently cross-bedded.................. 3.0 Woodhi 
Franklin 4. San 
1. Sandstone, we medium to coarse, upp 
some cross- ing and _ interbedded . L/ pis 
shale, bed now covered............... 18.0 Road cuts and shale pit on County Road C, NEM Hor 
sec. 2, T. 20 N., R. 6 W., Franklin Town- gin 
. . t 
ye eee ship, Jackson Co., Wis. toe 
Composite of road cuts just north of Arkansaw St. Squremnes Comainan ” a 
and along U. S. Highway 10 1 mile north and 19. eae, buff, agi mgr ‘ 
. slightly glauconitic, dolomitic siltstone 
2.5 miles west of Arkansaw, sec.21 and 24,T. invune 3 feet. Osceolia osceola......... 13.0 2. ~ 
25 N., R. 14 W., Pepin Co., Wis. ’ . 
Franconia formation—182.0 feet 
Franconia formation—182.0 feet ae % 
Reno member—S5.5 feet 4 
Reno member—95.0 feet Feet 18. Conglomerate, small siltstone pebbles in i Galesvi 
14. Conglomerate, dolomitic, glauconitic, highly glauconitic, sandy, dolomitic , 1. Sar 
siltstone pebbles 2 inches in diameter... 6.0 ME ae veciinass cea sen niesens sre 3.0 wal 





4.0 
. 60.0 


6.0 
2.0 


3.0 


5.9 





MEASURED SECTIONS 


17. Greensand, fine highly glauconitic...... 


16. Wormstone, buff, glauconitic, 1-foot 
greensand conglomerate in middle...... 


15. Greensand, light to dark gray, moder- 
ately glauconitic, cross-bedded, ripple 
marks on silty laminae................ 


| 14. Wormstone, buff, glauconitic.......... 


Mazomanie member—2.0 feet 


_ 13. Sandstone, white to yellow, fine, thin- 


ines 





bedded 


Reno member—61.0 feet 
12. Wormstone and greensand............ 


a rear te Sent Oy Oe ore URED 


10. Greensand, gray to brown, medium- 
grained, moderately glauconitic, cross- 
bedded to thin-bedded, 3-foot beds of 
wormstone at middle and top. Kendallia 
eryon, Taenicephalus shumardi at 4 feet, 
Stigmacephalus similis, Taenicephalus 
altus at 8 feet above base............. 


So 


. Wormstone, buff, 3-inch greensand near 
Di cae eet wad aes OS Cerda eg eae 


' Tomah member—18.0 feet 





8. Sandstone, gray to buff, fine, micaceous, 
interbedded shale, greensand laminae at 
top. Parabolinoides palatus, Kendallia 
biforota, Taenicephalus shumardi at base, 
Conaspis perseus, Maustonia nasuta, 
Taenicephalus shumardi, Billingsella cf. 
B. perfecta, 9 and 12 feet above base... . 


Birkmose member—4.0 feet 

7. Conglomerate, dolomitic, glauconitic, flat 
pebbles of sandstone, laminae of green- 
sand and siltstone. Eoorthis sp....... 


6. Dolomite, red brown, glauconitic, coarse, 
sandy. Camaraspis sp................. 


5. Greensand, cross-bedded.............. 


Woodhill member—42.0 feet 

4. Sandstone, brown, coarse, cross-bedded, 
upper half slightly glauconitic. Camaras- 
pis convexa, C. plana, Elvinia roemeri, 
Housia varro, Iddingsia aff. I. crassimar- 
ginata in upper half 


w 


. Sandstone, white to yellow, very fine to 
coarse, massive, and 1-foot beds of 
brown, coarse, cross-bedded sandstone. . 


n 


Sandstone, white to brown, fine to very 
coarse, thin horizontal bedding........ 


Dresbach formation 


Galesville member—13.0 feet 
1. Sandstone, yellow, medium to coarse, 
well sorted, some cross-bedded 


9.5 


32.0 


7.0 


2.0 


6.5 
21.5 


29.0 


4.0 


18.0 


1.0 


1.0 


2.0 


6.0 


21.0 


15.0 


Maynard Pass 


879 


Road cuts on U. S. Highway 16, 6 miles west of 


Tomah, NW1\4 
Monroe Co., Wis. 


St. Lawrence formation 


11. Sandstone, brown, very fine, thin bedded, 
SH@UtHY GIUCONITIC..... ices c cee 


Franconia formation—184 feet 


Reno member—38.5 feet exposed 
10. Conglomerate, flat pebbles of sandstone 
in sandy, glauconitic dolomite. 


9. Wormstone, buff to orange, glauconitic, 
thin beds of greensand and greensand 
|) Se Teer re 


8. Greensand, slightly to moderately glau- 
conitic with glauconite concentrated 
along cross laminations, 2-foot bed of 
greensand conglomerate near top....... 


Te MS go ido oeo ds ce Resa 


Mazomanie member—6.0 feet exposed 
6. Sandstone, white to yellow, fine to me- 
dium, cross-bedded 


Reno member—45.5 feet 
5. Wormstone, buff to orange, slightly glau- 
conitic, two beds of greensand in lower 
half. Ellipsocephaloides curtus, Idahoia 
cf. I. wisconsensis, Ptychaspis tuberosa 7 
ee ere 


4. Greensand, fine to medium, highly glau- 
conitic, cross-bedded, ripple marks on 
Re eer ee ce 


3. Greensand, gray to brown, fine, mod- 
erately glauconitic, mostly cross-bedded, 
thin greensand conglomerate at top. 
Kendallia eryon, Maustonia nasuta, 
Taenicephalus shumardi, Wilbernia ed- 
wardsi, Billingsella cf. B. perfecta 1 and 
ERE GOOE BOI. 5 6.55 00 S2 Thee edoos 


Tomah member—27.5 feet 

2. Sandstone, buff to gray, very fine, mica- 
ceous, interbedded shale. Kendallia bi- 
forota, Parabolinoides paiatus, Taeni- 
cephalus shumardi, Billingsella cf. B. 
perfecta 1 and 3 feet, Conaspis perseus, 
Maustonia nasuta, Taenice phalus shu- 
mardi, Wilbernia edwardsi 16.5 feet 
I cticcehahinessiuee 


Birkmose member—0.5 feet exposed 
1. Greensand, poorly exposed in ditch... .. 


sa. 22, 7..37 N., RK. 2W., 


Feet 


2.0 


6.0 


19.0 
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Goodenough Hill 


Road cuts on State Highway 71, 6 miles southwest 


of Mauston, NE‘ sec. 13, T. 15 N., R. 
Wis. In part from Twenhofel, 


Juneau Co., 
Raasch, and Thwaites (1935, p. 1729) 


St. Lawrence formation 


19. Siltstone, buff, dolomitic, in lower 2 feet, 
and brown, very fine, slightly glauconitic 
SEC he eras 


Franconia formation—168.0 feet 


Reno member—34.0 feet 
18. Greensand, moderately  glauconitic, 
laminae of buff silt, thin lens of con- 
qhomannte at GOD... . - oo. ccc ccticnss 
17. Wormstone, buff, glauconitic, laminae 
of silt, greensand bed in middle.... 
16. Greensand conglomerates, three half-foot 
beds separated by wormstone.......... 
15. with 


Wormstone, gray, glauconitic, 
several greensands....... 


Mazomanie member—5S6.0 feet 

14. Sandstone, white to brown, fine, cross- 
bedded, vertical borings, mostly friable, 
few thin brown dolomitic beds. Prosau- 
Cs S| Pe a ee eee rr eer 


13. 
12. 


er 


Sandstone, brown, fine, borings numer- 
ous. [dahoia wisconsensis, Monocheilus 
anatinum, Ptychaspis sp... . 


11. Sandstone, white, fine, worm borings. £/- 
lipsocephaloides curtus, Idahoia hera, I. 
wisconsensis, Ptychas pis eons, Wil- 


ID. i vias ccnces cuceess 


Reno member—5.0 feet 

10. Greensand, fine, moderately glauconitic, 
many brown borings. Ellipsocepha- 
loides curtus, Ptychaspis granulosa...... 


Mazomanie member—15.0 feet 
9. Sandstone, white to brown, fine to me- 


dium, cross-bedded, friable. Conaspis 
sp., Taenicephalus sp................. 
Reno member—15.0 feet 
8. Greensand, moderately  glauconitic, 


horizontal and cross-bedded, micaceous 

near base. pga ?. Taenicephalus 

sp., Wilbernia sp.. uhasdeaeke nics 

Tomah member—9.0 feet 

7. Sandstone, buff to gray, very fine, mica- 
ceous, interbedded gray shale. Kendallia 
biforota, Parabolinoides palatus in lower 
3 feet, Conaspis perseus, Maustonia na- 
suta, Taenicephalus shumardi, Wilbernia 
cf. W. edwardsi, Billingsella cf. B. perfecta 
A Pe es ee eee 


2 E., 


Feet 


8.0 


3.0 


8.0 


3.0 


20.0 


13.0 


19.0 


7.0 


5.0 


15.0 


15.0 
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Birkmose member—1.5 feet 
6. Clay, yellow green, studded with large 
grains of giaticomiite. ...... «6.6. 6cceee es 


5. Clay, deep purplish red, many large 
grains of glauconite. Billingsella abun- 
dant 


Woodhill member—32.5 feet 

4. Sandstone, brown, medium to coarse, 
well sorted, glauconitic. Camaraspis con- 
GINS a sist cwanwaeatin atin sack cees 

3. Sandstone, brown, medium to coarse. 
Camaraspis sp. at top................ 


2. Sandstone, yellow to white, fine to coarse, 
horizontally bedded with laminae of gray 
shale, few beds of coarse, cross-bedded 
SG ahi aap ig ill cael a shoe 


Dresbach formation 
Galesville member—60.0 feet 


1. Sandstone, white to brown, medium to 
conrse, cross-beddiéd. .................. 


Lone Rock 


1.0 


17 


0 


9, Sands 
lamin 
shale. 
Taeni 
wards 





| 8. Cong 
inch | 


. Sand: 
at ba 


~ 


6. Cong 
with 


Sand: 
tus, | 


edwat 


wn 


Birkmose 
\ 4, Gree 
pebb 


3. Dolo 
nitic, 


~e 


. Cong 
stone 
sand: 
ment 


Road cuts on State Highway 137, 1.5 miles south 


of Lone Rock, SE\4 sec. 13,T.8 N., R.2E., 
Iowa Co., Wis. Beds 16 and 17 after Twenhofel, 


Raasch, and Thwaites (1935, p. 1726). 
Franconia formation—130.0 feet 


Reno member—20.0 feet 
17. Greensand, pebbles near base.......... 


Mazomanie member—61.5 feet 

16. Sandstone, yellow, friable, alterrating 
with beds of brown, medium, dolomitic 
sandstone, some conglomeratic....... 


RE, RN sk eine nieces hi <8 


14. Sandstone, white, fine, friable, gently 


cross-bedded.... 


Reno member—18.5 feet 

13. Greensand, moderately to highly glau- 
conitic, cross-bedded, pebbles of white 
sandstone near base.................. 


12. Wormstone, buff, glauconitic, many 
thin beds of white sandstone, some inter- 
SE Ce roe sca 


Mazomanie member—7.0 feet 

11. Sandstone, white to yellow, slightly 
glauconitic, fine, friable, flat pebbles of 
greensand throughout EY 5 tre SA 


Reno member—8.5 feet 

10. Wormstone, with thin beds of greensand, 
greensand conglomerate at top...... 

Tomah Member—11.5 feet 


9.0 


13. 


w 
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MEASURED SECTIONS 


. Sandstone, gray, very fine, micaceous, 
laminated, much interbedded gray 
shale. Kendallia eryon, Mausotnia nasuta, 
Taenicephalus shumardi, Wilbernia ed- 
SE WE I hone chiasca Sauce teens 


I] 


4.0 


Conglomerate, glauconitic sand with 4- 
inch pebbles of bed below............ 1.0 
Sandstone, like bed 9. Mausotonia nasuta 
Re er en ene cere nes 4.5 
Conglomerate, gray glauconitic shale 
with flat pebbles of sandstone.......... 


> 


0.5 


Sandstone, like bed 9. Parabolinoides pala- 
tus, Taenicephalus shumardi, Wilbernia 
edwardsi, Billingsella cf. B. perfecta at top 


mn 


1.5 


Birkmose member—3.5 feet 
4, Greensand conglomerate, 4-inch flat 


pebbles of silistome.. ...... 5.06. 0ss 1.0 


w 


. Dolomite, red to gray, granular, glauco- 


nitic, sandy, thins eastward 2.5 


~ 


. Conglomerate, flat pebbles of white sand- 
stone in coarse, glauconitic, dolomitic 
sandstone, some quartz — frag- 
ments of Camaras pis sp.. wg 1.0 


Dresbach formation 


' Galesville member—31.0 feet exposed 


~- 


1. Sandstone, white, medium to coarse, 
cross-bedded, rather well sorted but with 
laminae of very coarse grains and gran- 

MR. «perce tins Sauer oF. Suse ares 31.0 
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EXPERIMENTAL DEFORMATION OF CALCITE CRYSTALS 
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ABSTRACT 





This paper reports the results of experimental plastic deformation of cylinders cut 
from single crystals of clear calcite. A wide range of crystallographic orientation in rela- 
tion to compression or extension of cylinders is involved. Most experiments were con- 
ducted at 20°C and 5000 or 10,000 atmospheres confining pressure, or at 300°C and 5000 
atmospheres. Temperatures of 150°C and 400°C were employed in a few additional 
i cases. Shortening or extension of the whole cylinder ranges from 2 to 20 per cent; but in 
i some extension experiments necking of the cylinder has locally increased the strain by a 
i factor of 3 or 4. Stress-strain curves for typical experiments are given. Where the orien- 
tation permits, the dominant mechanism of deformation at all temperatures is twin 
gliding on {0112}. Cylinders so oriented that twin gliding cannot occur deform plas- 
tically by some alternative mechanism. At 20°C calcite is many times stronger when 
oriented unfavorably for {0112} twin gliding than when favorably oriented; but with 
rising temperature this difference in strength rapidly diminishes. Analysis of stress-strain 
data for variously oriented crystais at 300°C points to translation gliding on {1011} as 
the aiternative mechanism to twin gliding on {0112}. However, no satisfactory correla- 
tion of stress-strain data for 20°C could be established on the basis of this or any other 
simple glide system. 

An independent approach to the problem is based on analyses of rotational effects 
observed microscopically in thin sections of the deformed material. Deformed sectors 
(e.g., kink bands) in the cylinder are found to be externally rotated about an axis parallel 
to the glide plane and normal to the glide line of the active system. At the same time, 
early-formed lamellae (such as {0112} twin lamellae) become internally rotated within 
the deformed crystal, the axis of rotation being the intersection of the glide plane and 
the rotated lamella. The senses of internal and external rotation in a given sector of the 
crystal are mutually opposed, and for a given glide plane each can be deduced for a 
given stress system. Analysis of directions and amounts of internal and external rota- 
tion in many instances leads to unique identification of the active glide system. The 
glide systems so identified include (1) twin gliding on {0112}, parallel to the edge 
(0112):(1011); (2) translation gliding on {1011} parallel to the edge (1011):(0221), 
effective at all temperatures; (3) translation gliding on {0221}, parallel to the edge 
(1011): (0221), effective at low temperatures. Translation gliding on {0112} in the sense 
; opposite to that of twin gliding is discarded as a possible mechanism of deformation; 

there is likewise no evidence of gliding on {0001}. 

Visible effects of deformation (lamellae, partings, deformation bands, kink bands, 
etc.) for individual experiments embracing the complete range of orientation are de- 
scribed in detail and illustrated by photographs, line drawings, and projections. The 
criteria by which various kinds of internally rotated lamellae may be recognized are 
summarized (Table 6), and the possible applications of our conclusions in interpreting 

r the fabric of an experimentally deformed multicrystalline aggregate—Yule marble— 
are discussed. 
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INTRODUCTION given glide system is strictly limited, extreme 


Calcite has long been known to deform 
plastically at room temperature and atmos- 
pheric pressure by twin gliding on {0112}. The 
glide direction is the edge (0112):(1011), and 
the sense of shear is such as to displace the 
upper layers of the crystal upwards toward 
the c axis.' Since the extent to which a crystal 
may become deformed by twin gliding in a 





' For an elegant discussion of the morphology of 
mechanical twinning on {0112} in calcite, see Bell 
(1941). 


plastic deformation of calcite must involve 

some mechanism other than twin gliding. 
Miigge (1898, p. 119-123, 154) attempted, 

but without success, to induce translation glid- 


ing on {0112} by applying simple shear along | 


the edge of a {1011} cleavage rhomb, in the 
sense opposite to that which favors {0112} 
twin gliding. He also performed two other ex- 


periments the results of which he interpreted F 
as indirect evidence of translation gliding on 7 


{0112}: 
(1) By compressing a long cleavage rhomb 
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INTRODUCTION 


more or less parallel to the long edge he caused 
the ends to deform by lamellar twinning on 
{0112}, and the intervening nontwinned mid- 
dle section to rotate with reference to the ends 
by bending parallel to the a axis lying in the 
plane of twinning. This bending was attributed 
to translation on {0112} in the sense opposite 
to that of twin gliding. But to us it seems to be 
the expectable result of nonhomogeneous de- 
formation involving only localized twin gliding 
on {0112}—an instance of what we later dis- 
cuss as “external rotation” accompanying de- 
velopment of “kink bands”. 

(2) By pressing a needle point against a 
{1011} cleavage face, Miigge caused small 
triangular flakes striated parallel to {0112} to 
separate. The striations were interpreted as 
being due to {0112} translation. We have re- 
peated this experiment and have examined the 
detached flakes of calcite on a universal stage. 
The striations are narrow but optically recog- 
nizable {0112} twin lamellae and therefore 
cannot be interpreted as evidence of transla- 
tion gliding. 

Since Miigge’s time many published refer- 
ences to translation gliding on {0112} in calcite 
have appeared (e.g., Buerger, 1930, p. 63; 
Griggs, 1942, p. 118). Structural petrologists 
in particular, impressed by the few optically 
recognizable twin lamellae in calcite of many 
marbles, have appealed to translation gliding 
on {0112} to explain the lenticular habit of 
such grains and the thin planar {0112} partings 
that they almost invariably contain (e.g., 
Felkel, 1929; Sander, 1950, p. 232; Eskola, 
1939, p. 306; Turner, 1949, p. 620). Patterns 
of preferred orientation of the crystal lattice 
and of visible {0112} lamellae in calcite of 
naturally deformed marbles usually are at- 
tributed to plastic deformation in which twin 
gliding and translation in opposite senses on 
{0112} have been significant. Some writers 
have also speculated upon the possibility that 
calcite may deform under geological conditions 
by translation on {1011} or on {0001} (e.g., 
Eskola, 1939, p. 306; Fairbairn, 1949, p. 137). 
Finally Robertson (1951) has reported experi- 
mentally induced twin gliding on {1010}. 

The early experiments of Griggs (1938) 
showed that at confining pressures of several 
thousand atmospheres twin gliding on {0112} 
occurs readily if the crystal is suitably stressed. 
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Some unpublished experiments by J. F. Bell, 
subsequently duplicated by Griggs (Griggs 
and Miller, 1951, p. 858, 859), showed that 
calcite crystals stressed in such a way as to 
eliminate the possibility of twin gliding (e.g., 
compression parallel to the ¢ axis) can be de- 
formed plastically under high confining pres- 
sures. The external striations on the deformed 
crystals were interpreted as evidence of transla- 
tion upon {0112}. The same mechanism has 
also been invoked to explain experimental de- 
formation of specimens of Yule marble oriented 
unfavorably for twin gliding in most grains 
(Knopf, 1949, p. 561-568; Handin and Griggs, 
1951; Turner and Ch’ih, 1951, p. 904). How- 
ever, it was concluded that translation gliding 
on {0112} leaves no visible trace of its activity, 
for the visible but not recognizably twinned 
{0112} lamellae in such rocks tend to develop 
most profusely parallel to planes of minimum 
resolved shear stress. 

Translation gliding on {0112} thus has been 
adduced to account for several independent 
sets of phenomena: (1) the bending and stria- 
tion observed by Miigge in calcite crystals ex- 
perimentally deformed at room temperature 
and pressure; (2) plastic deformation and ex- 
ternal striation of calcite crystals deformed by 
Bell and Griggs at room temperature and con- 
fining pressures of several thousand atmos- 
pheres; (3) patterns of preferred orientation 
that develop in Yule marble so stressed that 
most grains cannot twin; (4) marked differ- 
ences in strength among differently oriented 
specimens of Yule marble deformed under 
identical conditions at room temperature 
(Griggs and Miller, 1951, p. 859-862). Transla- 
tion on some other plane, e.g., {0221}, can 
equally well explain items (2) and (3), while 
twin gliding on {0112} can account for (1). 
And the correlation of observed variations in 
strength noted under (4) depends upon other 
assumptions—notably Taylor’s hypothesis of 
rigorously homogeneous deformation—which 
are not necessarily strictly fulfilled; further, 
equally good correlation has since been obtained 
with other hypothetical glide systems. 

The purpose of the present investigation is 
three-fold: (1) to obtain stress-strain data for 
single crystals of calcite experimentally de- 
formed under various conditions; (2) to record 
the petrographic, i.e. microscopically visible, 
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results of deformation as seen in thin sections; 
(3) to test various possible mechanisms of 
plastic deformation in the light of the stress- 
strain and the petrographic data. The 34 com- 
plete experiments embrace 12 orientations of 
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FiGurRE 1.—CRYSTALLOGRAPHY OF CALCITE 


Equal-area projection (upper hemisphere) show- 
ing poles of common faces and crystallographic 
axes. 


the calcite lattice in the stress field, a tempera- 
ture range of 20°-400°C, and confining pres- 
sures ranging from 3000 to 10,000 atmospheres. 
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CRYSTALLOGRAPHIC NOTATION 


It is sometimes sufficient to refer in general 
terms to stress directions or visible structures 
in the calcite lattice, as for example {1011} 
cleavage, or stress normal to {1010}. This does 
not differentiate among the various planes 
belonging to a single form—e.g., the three 
prismatic planes (1010), (1100) and (0110) 


of the form {1010}. More commonly it is | 


necessary to designate particular planes or 
pairs of planes—e.g., (1011) associated with 
(1012) rather than with (0112). To facilitate 


this kind of designation and to allow rapid | 


comparison among various cases we have 
adopted letter symbols as follows: 


c (vertical) = [0001] 
1, d2; a3 (horizontal) 
c = {0001} 
m = {1010} 
{1011} 
{0112} 
{0221} 
{0331} 
{0551} 


For crystal axes: 


For crystal planes: 


“am Yo 
iow i 


Individual planes of a form are differentiated 
by subscript numbers: thus (1011); 
ro = (1101); rs (0111). Faces of different 
forms that are cozonal with one another and 
with .{0001} are designated by the same sub- 
script (Fig. 1): thus 1 = (1011), e, = (1012), 
and f, = (2021). The zone axis of n, &, and 
fi is a2; that of re, 2, and fe is a3; that of rs, és, 
and fs is a. 

For identification of various planar struc- 
tures the following interfacial angles (measured 
between poles of faces) are found useful: 


c Ar = 44%° 
c Ae = 264° 
c Af = 63° 
c Aq =71%° 
c As = 784%° 
é: Ae = 45° 
r, Are = 75° 
é: An, = 7034° 
ée: Are = 38° 
a, Arn, = 52° 
a Ar, = 90° 
hAfe = 79° 
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CRYSTALLOGRAPHIC NOTATION 


In all our experiments the axis of the cylinder 
(ie., the axis of elongation or of shortening) 
is normal to an a crystal axis. (Cf. Figure 26.) 
This is arbitrarily designated a2; so that on a 
projection the axis of the cylinder lies on the 
zone circle of 7, ¢:, and fi, which is the vertical 
diameter of Figure 1. In a given experiment 
its orientation may be stated in terms of 
inclination to c or to the easily located planes 
¢ OF Nh. 

For complete description of a system of 
gliding (slip) within a stressed crystal we must 
specify not only the plane and direction but 
also the sense of relative displacement. (C7. 
Figure 10F.) For gliding on rhombohedral 
planes such as {1011}, {0112}, and {0221}, 
relative displacement of upper layers of the 
lattice upward toward the c axis will be said 
to have a positive sense; relative displacement 
of upper layers downward from the upper end 
of the c axis will be specified as having a mega- 
tive sense. The sense of the familiar twin gliding 
on {0112} in calcite, for example, is shown by 
experiment to be positive. 

Cursory examination of the calcite lattice 
shows directions of three kinds along which 
ions are closely spaced (cf. Fig. 25), and which 
therefore merit consideration as possible glide 
directions (cf. Barrett, 1943, p. 291): 

(1) Three edges of the type [¢::72] = [e::73] = 
normal to [e:c] in e&. On these, alternating 
Ca and C ions are spaced at intervals of 3.21 A. 
This is the direction of twin gliding on e; but 
translation in the same direction is improbable 


* because positive and negative ions alternate 


along this line of the calcite lattice (Bradley, 
Burst, and Graf, 1953, p. 214, 215). 

(2) Three edges of the type [r::/2] = [n:fs] = 
normal to [r::c] in 7. Ca or C ions are spaced 
at intervals of 4.04 A. There are two such 
directions in every f plane, one in every r 
plane. 

(3) The three crystal axes a), d2, and a3, on 
which Ca or C ions are spaced at intervals of 
4.99 A. By analogy with experience regarding 
deformation of metals, the edge [r:/2], by 
virtue of closer spacing of ions, is likely to 
function as glide plane in preference to the a 
crystal axis. 

Stress-strain relations and petrographic data 
tecorded in this paper can be explained in terms 
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of three glide systems: (1) twin gliding on e 
with [¢:72] as glide direction, sense positive; 
(2) translation gliding on r with [r::/:] as 
glide direction, sense negative; (3) translation 
gliding on f with [/1:72] or [f1:73] as glide direc- 
tion, sense negative. Values of the resolved 
shear stress coefficient So for each of these 
systems are given throughout the text for 
each experiment. For the orientations of calcite 
crystals in relation to stress in our experiments 
and for the notation employed in this paper, 
So has the same value for both glide directions 
in fi; but So has different values for each of 
the two glide directions in f2. Moreover e: and 
é3 have identical values of So in every experi- 
ment; and the values of So on /2 similarly are 
identical with those on /3. 


EXPERIMENTAL OBSERVATIONS 
Apparatus and Procedure 


The apparatus has been completely described 
in earlier papers (Griggs and Miller, 1951; 
Griggs, Turner, Borg, and Sosoka, 1951; 1953). 
Cylindrical specimens 0.5 inch diameter x 1.0 
inches long were cut from optically flawless, 
single crystals of calcite and carefully fitted 
to the mild-steel end cups (Fig. 2). Prior to 
deformation each specimen was measured at 
both ends and in the center on two perpendicu- 
lar diameters referred to the crystallographic 
axes. Length was also measured. The unde- 
formed specimens were cylindrical +.0005 
inch, and all measurements were reproducible 
to +.0001 inch. The specimens were jacketed 
in annealed seamless copper tube (wall thick- 
ness, .005 inch) with a mechanical closure as 
shown in Figure 2. The strength of this tube 
corresponds to 40 kg/cm? on the specimen at 
room temperature, 30 kg/cm? at 300°C. 

The steel end cups are employed to distrib- 
ute discontinuity of strain between the piston 
and the specimen so as to prevent rupture of 
the copper jacket; but they make the deforma- 
tion of the specimens inhomogeneous near the 
ends. The degree of inhomogeneity varies 
widely; the extremes are shown in Plates 5 and 
6A. The test section, or region uninfluenced 
by the end cups, is much shorter than would 
be desirable, but is limited by the size of the 
high-pressure chamber. The apparent stresess 
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on these specimens should be higher than those 
for similar strains in longer test sections. For 
this reason, and because of the obvious in- 
homogeneity in many highly strained speci- 


SPECIMEN 





FiGuRE 2.—SPECIMEN AND JACKET ASSEMBLY 


Showing fitted steel end cups and copper jacket 
with steel sealing rings pushed on the taper of the 
piston and the self-aligning compression fitting at 
the bottom. 


mens, the “stress-strain” curves must be in- 
accurate at high strains. The stress at the yield 
point, however, seems to be unaffected by the 
short test section. 

E. C. Robertson (1951) did several experi- 
ments on uniaxial compression of single crys- 
tals of calcite at room temperature, under 
varying confining pressures. His specimens 
were jacketed with rubber, and his end pieces 
were flat, so that in each experiment the strain 
was nearly uniform throughout the specimen. 
Within the limits of reproducibility of the data, 
our stress-strain curves agree with his in the 
several cases in which the crystal orientations 
and confining pressures were identical. 

The jacketed specimens were first assembled 
in the apparatus and subjected to confining 
pressure of several thousand atmospheres with 
no differential pressure. The apparatus was 
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heated to the test temperature, coming to ther- 
mal equilibrium in about 2 hours. The confin- 
ing pressure was then raised to the test value, 
and a differentiai force applied to the specimen. 
The method of measurement of stress and 
strain was the same as that described by Griggs 
and Miller (1951, p. 854-856). The rate of 
strain in all cases was 1.5 per cent per minute. 
The differential force was then removed, and 
the apparatus allowed to cool. 


strain, almost chalky in appearance. Dimen- 
sions were measured at the same seven points 


Volumes computed from these measurements 
in the case of the more homogeneously de- 
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| done at 
on each specimen as prior to deformation. | 


formed specimens showed a slight increase | 


(1-2 per cent) after deformation. The speci- 
mens in all cases were coherent, without ap- 
parent porosity, and possessed about the same 


strength as undeformed calcite crystals. De | 


Grossé regularly impregnated these specimens 
as a precaution against breakage when grinding 
thin sections. He reports that, except for oc- 
casional surface flaws, the specimens showed 
no evidence of having been permeated by the 
impregnating medium. 

The deformed specimens frequently showed 
pronounced external markings (e.g., Pl. 5A, 7A), 
though in general there was no simple relation 
between these and the mechanism of deforma- 
tion. In. only one case was there a system of 
external slip lines which seemed clearly to 
reflect translation planes—specimen 387 (PI. 
10C) compressed 7 per cent normal to ¢, at 
300°C. The surface here showed pronounced 
striations parallel to r. with the same spacing 
as the light and dark bands shown in Plate 
10C. The offsetting of the specimen was such 
as to indicate that, if this were the translation 
plane, the direction of translation must be 
normal to the intersection of 72 and {0001}. 


~_ 


The petrographic data confirm this conclusion. | 
From the shape of the deformed specimen ' 


the deformation plane could often be identified, 
thus providing an important clue to the mecha- 
nism of deformation. After deformation all 
specimens, except some cylinders cut parallel 
to the c axis, had an elliptical cross section, 
and in most one diameter of this ellipse was 
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nearly equal to the original diameter of the 
specimen. In compression tests, this was the 
minor diameter, and in extension it was the 
major diameter. Such specimens must have 
deformed predominantly by glide on some 
line or lines in the plane normal to the un- 
strained diameter and parallel to the axis of 
the cylinder. Thin sections were cut as nearly 
as possible parallel to this deformation plane 
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tion thus derived is described in the section 
on Petrography. 
Because of strength limitations of the ap- 


paratus, the two experiments at 400°C were’ 


done at a confining pressure of 3000 atmos- 
pheres. Some early experiments at room tem- 
perature were done at confining pressure of 
10,000 atmospheres, and in these soldered 
jackets were used, and consequently there was 
some likelihood of thermal shock resulting in 
cleavage prior to the experiment. The speci- 
mens in all cases were dry. 

New apparatus is now being put in opera- 
tion which is expected to permit more accurate 
experiments at 5000 atmospheres up to 500°C. 


Results 


Thirty-four specimens were deformed in 
12 orientations of uniaxial compression or ex- 
tension, at temperatures from 20°C to 400°C, 
and under confining pressures from 3000 to 
10,000 atmospheres. The pertinent data are 
summarized in Tabie 1. 

The tabulated “yield point” stress is the 
corrected stress at the proportional limit, 
corresponding to from 0.1 to 1.0 per cent strain, 
depending on orientation and temperature. 
In most cases there was a sharp break in curva- 
ture of the stress-strain curve, so that the yield 
point was determinate to within 1-2 per cent. 

Typical stress-strain curves are shown in 
Figures 3-5. Figure 3 shows results for various 
orientations at room temperature, 5000 and 
10,000 atmospheres confining pressure. The 
enormous difference between specimens favor- 
ably oriented for twinning and those unfavor- 
ably oriented is obvious. Specimens 383 and 
391 (Table 1) give an example of the degree 
of reproducibility of the data. In this orienta- 
tion (compression normal to ¢) there appears 
to be buckling instability in the specimen, 
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illustrated in Plate 10A. The final rise in the 
curve for the specimen compressed normal to 
m at room temperature is interpreted as due 
to complete twinning of the test section. The 
last quarter of the deformation is presumed to 
be due to twinning restricted by the end cups, 
and/or to another mechanism of glide. Figure 4 
shows results at 300°C. The curve for specimen 
412 grossly underestimates the actual stress 
at high strain because of the severe necking 
of the specimen (Pl. 5). Figure 5 shows the 
effect of temperature on a series of specimens 
of one orientation (Pl. 8). No explanation has 
been found for the work-hardening of the two 
specimens at 400°C, which is much greater 
than for the other specimens, but from its 
reproducibility this result appears to be a real 
effect. Many experiments on other materials 
at 400°C have disclosed no anomalies in the 
apparatus which could account for this effect. 

Calculation of the critical resolved shear 
stress at the yield point for various possible 
glide systems yields evidence as to the initial 
mechanism of deformation. Values for e twin- 
ning and r glide are given in Table 1 under the 
columns headed 7,. For all specimens favor- 
ably oriented for twinning this resolved shear 
stress is low. The petrographic evidence shows 
conclusively that these specimens all deformed 
by twinning. 

For twinning at atmospheric pressure and 
room temperature 7. was found to be 15 + 5 
kg/cm? by dead-weight loading of suitably 
oriented cylinders. The measurements at 5000 
and 10,000 atmospheres, room temperature, 
give 7. equal to 60 + 20 kg/cm*. We cannot 
be sure that our method of jacketing the speci- 
mens has not introduced a systematic error by 
restricting the surface displacement of the 
specimen. E. C. Robertson’s (1951, Ph.D. thesis, 
Harvard Univ.) rubber jackets were probably 
less restrictive. He measured 7, for twinning 
as 30 + 15 kg/cm? at 3000 atmospheres 
confining pressure. It is concluded that normal 
stress on the twin plane increases the critical 
resolved shear stress by less than 1 per cent 
of the normal stress. This indicates that the 
bonds across the twin plane are strong com- 
pared with 10,000 kg/cm?, which is to be 
expected and is consistent with modern theories 
of plastic deformation. We measure 7, for 
twinning as 3) kg/cm? at 150°C and 20 + 5 
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TABLE 1.—ExXPERIMENTAL DATA 



























































A. Experiments Favorable for Twinning consistent 
= ————————————————————. | stresses. Tl 
en = reer [oat | Mates | axims | Talent | saphic de 
183 1. Ext. parallel to c | 20° | 10,000 | 95 40 21.4 
184 1. Ext. parallel to c | 20° | 10,000 | 200 | 80 28.3 
384 2. Ext. normal to ¢ 20° | 5,000 160 70 | 8.5 
196** 3. Ext. normal to 7; | 20° | 10,000 oe oe 3 
190 4. Comp. normal to m | 20° | 10,000 | 100 | 40 15.4 
328 4. Comp. normal to m | 150° | 10,000 70 30 16.8 
379 | 1. Ext. parallel to ¢ 300° | 5,000 | 45 20 19.7 
386 2. Ext. normal to ¢ | 300° | 5,000 | 60 25 8.3 
389 4. Comp. normal to m 300° | 5,000 45 20 9.6 
B. Experiments Unfavorable for Twinning 
| Te onr 
| | (kg/cm?) | 
413*** 12. Ext. 81° to c, 534° tor; | 20° | 5,000 | 3,530 | 1,660 1.9 | 
414 6. Ext. 81° to c, 3544° ton | 20° | 5,000 | 3,810 | 1,790 9.6 
411 7. Ext. parallel to [rz:rs] | 20° | 5,000 | 3,800 | 1,180 0.8 
393 8. Comp. normal to 7: 20° 5,000 4,680 | 935 9.0 
441 8. Comp. normal to r: | 20° | 5,000 | 4,390 | 880 9.7 
431 9. Comp. 30° to ¢, 75° ton | 20° | 5,000 4,880 | 1,710 7.8 
162 10. Comp. parallel to c | 20° | 10,000 2,400 | 1,200 4.0 
187 | 10. Comp. parallel to ¢ | 20° | 10,000 2,350 | 1,175 17.6 
442 | 10. Comp. parallel to ¢ | 20° | 5,000 | 2,500 | 1,250 8.0 
383 | 11. Comp. normal to e | 20° | 5,000 4,250 | 1,570 6.3 ' 
391 11. Comp. normal to ¢ | 20° | 5,000 4,690 | 1,740 5.6 
421 | 6. Ext. 81° toc, 353°ton, | 150° | 5,000 | 1,430 | 670 5.9 
433 | 9. Comp. 30° to ¢, 75° to | 150° | 5,000 | 1,640 | 575 10.2 
| | 
388 | 5. Ext. normal to m 300° | 5,000 | 460 | 230 1.4 
390 | 5. Ext. normal to m | 300° 5,000 | 360 180 16.1 ) 
420 | 6. Ext. 81° to c, 3514° ton | 300° | 5,000 | 500 235 4.7 
412 | 7. Ext. parallel to [r2:73] | 300° | 5,000 | 890 | 275 19.5 3 
415 | 8. Comp. normal to 7: | 300° | 5,000 | 1,200 | 240 20.3 Confini 
432 | 9. Comp. 30° to c, 75° tor: 300° | 5,000 | 750 | 260 10.0 ita 
380 10. Comp. parallel to c | 300° | 5,000 | 420 210 13.9 gfe 
381 10. Comp. parallel to c 300° | 5,000 450 | 225 18.2 critical r 
382 11. Comp. normal to ¢; | 300° | 5,000 | 545 200 13.7 4 onfe (220 
387 11. Comp. normal to ¢ | 300° | 5,000 745 | 275 7.5 likely to 
experime 
434 9. Comp. 30° to c, 75° ton 400° | 3,000 295 | 105 10.0 on eithe 
435 9. Comp. 30° to c, 75° to | 400° | 3,000 345 | 120 9.9 standard 
* Orientations are numbered 1 to 12 to correspond with Table 5 and Figure 26. | =e 
** Stress data not given since, for this orientation, the steel end cups resist twin gliding on {0112}. cent for 
*** This specimen broke and was not sectioned. It is not included in Table 5. In these 
indicates 


kg/cm? at 300°C, 5000 atmospheres confining For specimens unfavorably oriented for StTeSses | 
pressure. twinning, the room-temperature data show no | Mention¢ 
sought f 
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consistent pattern of critical resolved shear 
stresses. Those specimens for which the petro- 


| graphic data indicate translation on f2 (393, 
' 441, 431) are clearly those which, because the 
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but none gave better correlation than that for 
the r and f planes indicated above. It is not 
understood why the yield of specimens un- 
favorably oriented for twinning does not ac- 
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FiGurRE 3.—STRESS-STRAIN 


€ 8 0 2 
STRAIN — PER CENT 


CurvEs For CAtciTE, 20° C 


Confining pressures 5,000 or 10,000 atmospheres (Table 1). Duplicate tests for the same orientation 
are averaged. The three bottom curves are orientations favorable for twinning. 


critical resolved shear stresses are very high 
on f2 (2200, 2060, and 2290 kg/cm?), are most 
likely to deform this way. For the remaining 
experiments the critical shear stresses resolved 
on either e or r are highly dispersed. The 
standard deviation of +. from the mean is 
55 per cent on e, 17 per cent on r, and 12 per 
cent for the yield-point stresses themselves. 
In these cases, the petrographic evidence 
indicates translation on 7, but the yield-point 
stresses provide no corroboration. It should be 
mentioned, however, that correlation was 
sought for many other crystal glide systems, 


curately reflect the resolved shear stresses 
required for translation on the principal func- 
tioning plane. 

At 300°C, however, the critical resolved 
shear stresses at the yield point give a much 
more consistent picture (Fig. 6). The value of 
T- on r is nearly constant, independent of 
orientation of the crystal, for a range of yield- 
point stresses varying from 450 to 1250 kg/cm?. 
The standard deviation of 7. on r from the 
mean is 9 per cent, while that for the yield- 
point stresses is 38 per cent, computed for the 
average of experiments in each orientation. 
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Figure 6 shows the resolved shear stress coeffi- the three experiments (393, 441, 431) in which When 
cient on r versus the yield-point stresses for translation is believed to have occurred on /,|_ work th 
these experiments. For comparison, the values Figure 8 shows the same data plotted against} mechani 
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Figure 4.—Stress-StraAIn Curves FOR CALcitE, 300°C. thombs, 

Confining pressure is 5000 atmospheres. Duplicate tests averaged. Note that vertical scale is twice that crystals 

of Figure 3. 

tion on 

plotted, to show how sharply this criterion Figure 7 also shows the effect of temperature So max. 
discriminates between e¢ and r as the transla- on critical resolved shear stress for e twinning. ' ™ url 
tion planes in these experiments. These data ders did 
constitute very strong evidence for initial Search for {0112} Translation oa ae : 
translation on r in the direction normal to the indicate 
intersection of r and {0001}. The petrographic Griggs and Miller (1951) interpreted some although 
data provide proof that at 300°C this mecha- arly experiments of the present series as con- the casi 
nism is predominant throughout the whole sistent with translation on e. Miigge (1898) | ‘eforme 
history of deformation of these specimens. and J. F. Bell (unpublished work) deduced ¢ | What 
The critical resolved shear stress for r trans- translation from surface markings on experi- | ont on 
lation is strongly dependent on temperature. mentally deformed calcite rhombs. Griggs | — 
Figure 7 shows all the data for 7. on r plotted and Miller (1951) duplicated Bell’s experiments | a 
‘ ’ 


logarithmically against temperature, excluding 


and drew the same inference. 
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When it first became clear in the present 
work that translation on r was the dominant 
mechanism at 300°C, it was still believed that 
e translation operated at room temperature. 
The petrographic data soon ruled this out in 
some orientations, while in others they were 
inconclusive. Experiments at room tempera- 
ture were then undertaken for orientations 
most favorable to e translation (orientations 
8, 9, 11 of Table 5). In each case e translation 
was excluded by the petrographic data. 

Finally, Bell’s experiments were again re- 
peated, using apparatus shown in Figure 9. 
The upper piston has a clearance of about .002 
inch in the cylinder. A small cleavage rhomb 
is initially oriented so that one e plane has 
nearly the maximum resolved shear stress. 
As the piston is pushed into the cylinder, the 
medium surrounding the calcite (paraffin or 
crown wax) is extruded through the annulus 
between the piston and cylinder. The shear 
strength of the medium causes a steep pressure 
gradient in it, so that the specimen is confined 
and prevented from fracturing, while it is 
subject to high shearing stresses, and is in- 
homogeneously deformed. 

The surface markings on calcite deformed in 
these experiments again seemed to indicate e 
translation. Thin sections showed the deforma- 
tion to be extremely complex and inhomoge- 
neous. In the few areas where adequate petro- 
graphic measurements could be made, how- 
ever, r translation was indicated. Because of 
the difficulty of controlling the orientation and 
homogeneity of deformation in cleavage 
thombs, small cylinders were cut from single 
crystals in an orientation favorable to transla- 
tion on e (22° to c, toward the normal to 7; 
So max. on e = 0.49, So max. on r = 0.41). 
The surface markings on these deformed cylin- 
ders did not permit unambiguous determination 
of the translation plane. Thin sections again 
indicated that r translation was dominant, 
although the evidence was not so clear as in 
the case of the large, more homogeneously 
deformed single crystals. 

What are the surface markings which Bell 
and Griggs and Miller thought to be due to e 
translation? We cannot speak for Bell’s experi- 
ments, but, in our experiments on cleavage 
thombs, some striations appear to be e twin 
lamellae presumably due to a reverse pressure 
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gradient developed during unloading. Others 
may be deformation bands roughly parallel 
to e. As noted above, the surface markings in 
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FicurE 5.—StTREss-STRAIN CURVES FOR SPECIMENS 
COMPRESSED AT 30° TO ¢c AND 75° To 1 


Compressed at various temperatures. Both tests 
at 400°C. are plotted to show reproducibility of 
anomalous behavior 


the large specimens, although in many cases 
prominent, were usually ambiguous and occa- 
sionally misleading as to the mechanism of 
deformation. We conclude that, contrary to 
Griggs and Miller’s preliminary statement, we 
have no experimental evidence for e transla- 
tion in calcite. 


PETROGRAPHIC OBSERVATIONS 
Deformational Structures—Definitions 


Students of metal fabrics recognize various 
kinds of planar and linear structures which com- 
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FicurE 7.—CriTIcAL RESOLVED SHEAR STRESS AT YIELD POINT (7,) VERSUS TEMPERATURE CENTIGRADE 
Bars indicate limits of values for each temperature. Circles are average values. Vertical scale is logarithmic. 
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monly develop within metallic crystals during 
the course of plastic deformation (cf. Barrett, 
1943, p. 291-294, 305-311; 1952, p. 97-121; 
Read, 1952, p. 129-151): 


Slip bands are closely spaced clusters of 
slip lines which can be resolved individually 
only at high magnifications. Slip bands are 
commonly about 1 micron apart. 
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FicurE 8.—CriTIcAL RESOLVED SHEAR STRESS VERSUS RECIPROCAL OF TEMPERATURE ABSOLUTE 
All values for experiments unfavorable for twinning are plotted. 


Slip lines are lines which appear on the sur- 
face of a deformed crystal where it is inter- 
sected by active planes of slip (gliding). They 
are said to represent displacements of the order 
of several hundred atom diameters (less than 
1 micron) and are most conspicuous on that 
surface which is normal to both the plane and 
direction of slip within the crystal (Fig. 10A). 
The terms “glide” and “slip” are synonymous. 
Although we follow mineralogical usage of the 
term “gliding” as applied in general to relative 
displacement of adjacent layers of ions within 
a crystal, we have adopted the metallographic 
term “slip line” as defined above, since it is 
a structure commonly observed and described 
by metallographers and seldom by min- 
eralogists. 


Twin lamellae are plates within which the 
lattice has a twinned relationship to the lat- 
tice of the host crystal. Acid, applied to any 
transverse section of the twinned crystal, 
etches the differently oriented lamellae to 
different degrees and so demonstrates the 
twinned condition of the crystal. 

Stacking faults are internal surfaces of dis- 
order where the regular stacking of layers is 
disturbed by relative displacement of adjoining 
layers of atoms in the crystal lattice. A special 
case is the twin fault which forms the boundary 
of a twin lamella. Linear markings on etched 
metal crystals may in some cases represent 
stacking faults which have developed along 
active glide planes. 

Glide lamellae (Fig. 10B) are plates of un- 
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deformed material separated by active glide 
planes. They are recognizable only where the 
glide planes are themselves rendered visible 
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FicurE 9.—SimpLE CRYSTAL PRESS 
For exploratory tests on deformation of calcite 
crystals. 


(e.g., as slip lines or as clusters of stacking 
faults). 

Deformation bands are lamellae, usually of 
some definite crystallographic orientation, 
within which the orientation of the crystal 
lattice progressively departs from that of the 
host crystal as deformation proceeds (Fig. 10C). 
Active glide planes usually are inclined at high 
angles to deformation bands; and gliding in 
adjacent bands differs in degree and often in 
direction as well. 

Kink bands (Fig. 10D) are simple, usually 
megascopic, deformation bands bounded by 
surfaces of bend gliding which cut across the 
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active glide planes. As deformation progresses, 
the material within the kink band rotates 
(with reference to material outside the band) 





about an axis that initially lies in the glide | 


plane and at right angles to the glide direction. 


Deformation tends to be confined to material | 


within the kink bands. 

Discontinuity layers (Orowan, 1952) are 
narrow zones cutting across and interrupting 
the pattern of slip lines (Fig. 10E). It is thought 
that deformation within zones separated by a 
discontinuity layer may have occurred more or 
less independently. 

Some of the most conspicuous planar struc- 
tures observed by us in experimentally de- 
formed calcite have long been familiar to 
petrographers and have been described in the 
conventional terms of mineralogy as {0112} 
twin lamellae, {1011} cleavages, and so on. 
Others, hitherto unrecognized in natural 
calcite and marble, we have recently defined 


as lamellae L;, L2, and Ls, where the subscript | 


numbers merely denote different types iden- 
tified by orientation in relation to crystallo- 
graphic coordinates (Borg and Turner, 1953, 
p. 1346-1348). Yet others, including deforma- 
tion bands, kink bands, and discontinuity 
layers, are described in this paper. Insofar 
as possible we shall adhere to terminology 
consistent with metallographic usage as out- 
lined above. We use the term “lamella’”’, how- 
ever, in a somewhat more extended sense than 
is customary with students of metal fabric. 
In microsections of experimentally deformed 
calcite, optically recognizable twin lamellae 
of finite thickness commonly form parallel to 
{0112}, and rarely parallel to {1011} and 
{0221}. Parallel to any of these three planes, 
in crystals stressed inappropriately for twin 
gliding on the plane in question, swarms of 
planar structures, too thin to be identified op- 
tically as twin lamellae, alternatively may 
appear. When brought parallel to the micro- 
scope axis by tilting on a universal stage these 
structures appear as sharp straight lines—too 
thin to be identified as twin lamellae, darker 
and more continuous than cleavage. These are 
very common parallel to {0112} in calcite of 
natural marble and have generally been re- 
corded by petrographers as “twin lamellae”, 
and much more rarely (e.g., Sander, 1950, p. 
232-235) as “translation lamellae”. They may 
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be stacking faults due to ultramicroscopic 
twinning or to some other disturbance of the 
lattice; so without prejudice as to origin we 
retain for them our previous designation 
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than 2° from the theoretical orientation stated 
in the text and in captions to plates. Measure- 
ments in all cases were made on a petrographic 
microscope equipped with a Leitz universal 





FicurE 10.—D1acrams ILLUSTRATING GLIDING 
A. Slip lines at intersection of glide planes and surface of cylinder. The arrow indicates the glide direction. 


B. Glide lamellae bounded by glide planes. 


C. Deformation bands (stippled) formed at a high angle to glide planes. Arrows show orientation of 
glide planes and sense of gliding within the deformation bands. 
D. Kink band abcd formed by longitudinal compression. Closely spaced lines are glide planes. Active 


gliding is concentrated in kink band. 


E. Discontinuity layers (d/) bounding two series of bands which differ mutually regarding internal 


development of visible lamellae. Material is calcite. 


F. Sense of gliding on rhombohedral planes in calcite. 


nontwinned lamellae (Borg and Turner, 1953, 
p. 1345). 

The various types of lamellar structures 
observed in calcite of Yule marble deformed 
experimentally under various conditions have 
recently been summarized (Borg and Turner, 
1953). All have been observed also in the ma- 
terial described in this paper, and some other 
structures have been recognized in addition. 
These will be defined as they are described in 
later sections. 


Laboratory Procedure 


Most of the petrographic measurements were 
made on thin sections cut parallel to the axis 
of the deformed cylinders. Cylinders and sec- 
tions have been cut with such skill that the 
orientation of a section seldom differs by more 


stage and Schmidt sledge. Probable error in 
locating the c axis by optical means is 1° where 
the c axis is inclined to the plane of the section 
at 20° or less, 2° where the angle of inclination 
is 35°-45°. Visible lamellae can usually be 
located to within 1° where they are inclined 
to the plane of the section at angles greater 
than 70°. For inclinations of 45° to 70° the 
error may be 2°. 

For every section the measured data were 
plotted on an equal-area projection net of 20 
cm diameter. All recorded interfacial and zonal 
measurements were made on this net. Projec- 
tions here reproduced as figures have been 
drafted from photographic reproductions (3 
inches in diameter) of the original projections. 
In all cases the lower hemisphere of the projec- 
tion sphere is projected on the horizontal 
plane. In Figures 1 and 26, general crystallo- 
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graphic data for calcite are projected from the 
upper hemisphere. 








Ficure 11.—ExTERNAL ROTATION IN 
EXTENSION EXPERIMENT 


Diagonal lines represent glide surfaces. Dots are 
particles initially aligned vertically. E = angle of 
external rotation. I = angle of internal rotation. 

A. Gliding in specimen with ends free to move 
laterally. 

B. Gliding in specimen with ends constrained to 
remain coaxial. The deformed section is externally 
rotated clockwise through angle E. 


Petrographically Demonstrated Rotation—A Key 
to the Mechanism of Gliding 


In our experiments the ends of the calcite 
cylinder, as deformation proceeds, are con- 
strained to remain more or less coaxial and 
parallel to the axis of applied stress. Conse- 
quently if strain is due to gliding parallel to 
only one crystal plane, e.g., (0112), the de- 
formed sector of the cylinder must rotate with 
reference to the stress axis. In the terminology 
of Sander (e.g., 1948, p. 36) this is an external 
rotation in that it takes place with reference to 
co-ordinates outside the deformed body. It 
rotates the active glide planes and intervening 
glide lamellae toward an axis of extension 
(Fig. 11) or toward the perpendicular to an 
axis of compression. (Cf. Barrett, 1943, p. 302, 
303; Handin and Griggs, 1951, p. 869.) Ex- 
ternal rotation also affects material within 
individual kink bands. Here the axis of rota- 
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tion lies in the active glide plane and is per- 
pendicular to the direction of gliding. (C7. 
Figure 10D.) 

As a consequence of gliding within the de- 
formed sector of the specimen, particles and 
aggregates of particles rotate internally with 
reference to co-ordinates—e.g., the c axis of 
the lattice, situated within the strained body 
that is simultaneously affected by an external 
rotation. The two rotations have opposite 
senses; if the sense of internal rotation is 
clockwise, then that of external rotation is 
counterclockwise as seen from the same end 
of the rotation axis. Under favorable condi- | 
tions the direction, sense, and degree of external | 
rotation of the deformed sector may be deter- | 
mined from the relative positions of initially 
parallel directions—e.g., the ¢ axis, in the rela- 
tively undeformed ends and in the rotated 
deformed middle section of the specimen. In 
this way a valuable clue is obtained as to the 
direction and sense of iniernal rotation, and 





so as to the gliding mechanism itself, within 
the strained calcite. 


A problem of considerable practical signifi- 


cance is that of internal rotation of a pre- 
existing visible planar structure—e.g., a lamella 
e,—caused by gliding on an intersecting glide 
plane such as é2 or 7. The axis of rotation of e 
must then be its intersection with the glide 
plane, so that, with reference to internal co- 
ordinates such as the ¢ axis of the strained crys- 
tal, the poles of the glide plane and of the ro- 
tated lamella in all positions of rotation will 
be cozonal. A hypothetical example is shown 
in Figure 12. Here gliding in the r; plane WX YZ 
rotates an ¢ twin lamella ABCD to the new 
position A’B’CD. For any direction and either 
sense of gliding in WXYZ the axis of rotation 
of the lamella ABCD will be parallel to AB. 
On a stereographic or equal-area projection 
the respective poles of the glide plane and of 
the rotated lamella for all degrees of rotation 
lie on a great circle at right angles to the axis 
of internal rotation (Fig. 12B). For a given 
degree of gliding, internal rotation of the la- 
mella is most effective where the glide direction 
is WY, normal to AB; and it diminishes to zero 
where the glide direction coincides with AB. 
In experimentally deformed Yule marble it 
has already been found (Borg and Turner, 
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Ficure 12.—INTERNAL ROTATION IN CALCITE 
An ¢; twin lamella is rotated from ABCD to A’B’CD during gliding on 7, (parallel to the plane WX YZ) 


in direction and sense shown by arrows. 
A. Perspective diagram. 


B. Equal-area projection upon plane perpendicular to axis of internal rotation (= AB of diagram A). 
Sense of gliding and of internal rotation is shown by arrows. Open circles are poles of rotated ¢; lamellae. 





FicurE 13.—Equat-AREA PRojecTION ILLUs- 
TRATING INTERNAL ROTATION IN CALCITE 


(Hypothetical Example) 

Compressive force is parallel to ¢ axis. Glide 
plane is parallel to 7, (=FG). Rotated lamella is 
HJ, parallel to e. Axis of internal rotation, normal 
to projection plane is B. Sense of gliding and of 
internal rotation is shown by arrows. ¢ = [n:72l; 
U = [nic]; ¢’ = normal to [n:rj; /” = [nif] = 


L[ritc]. 


1953) that twin gliding on e can rotate an 
existing twin lamella ¢, through angles ranging 
up to 22°; and the rotated lamella, though par- 
tially obliterated, retains its identity sufficiently 
to allow its angular position in the lattice to 
be measured satisfactorily. Such measurements, 
now supplemented by data obtained from single 


crystals, confirm the generalizations stated in 
the preceding paragraph. In the present study 
we have also observed many instances of 
internal rotation where there has been no 
twin gliding on {0112} and where the mecha- 
nism of crystal deformation consequently is 
unknown. Here observed internal rotation of a 
lamella of known identity under a known stress 
system yields valuable clues as to what glide 
mechanisms may have been possible and what 
impossible in a particular experiment. In addi- 
tion it affords information as to the sequence 
of development of observed lamellae in time, 
in that for a given glide system early formed 
lamellae will have rotated farther than late 
lamellae of like identity. 

Direction and sense of internal rotation are 
most readily evaluated by referring to optically 
measured data plctted on a projection that is 
normal to the rotation axis—i.e., perpendicular 
to both the glide plane and the rotated lamella 
(Fig. 13). Consider, for example, the hypo- 
thetical case of internal rotation of a lamella 
é. by gliding on 7; induced by compression 
parallel to the c axis of the crystal. The plane 
of projection (Fig. 13) is perpendicular to the 
edge [ri:e2] = B. Imagine the compressive 
force along c resolved into two components 
respectively parallel and normal to B. Only 
the second of these can effectively rotate the 
é, lamella about B. Under its influence gliding 
on any glide line within the 7; glide plane FG 
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will have the sense indicated by the arrows, 
and will cause counterclockwise internal rota- 
tion of lamellae such as e¢, (HJ). In this par- 
ticular system the pole of e, must migrate along 
the circumference toward the pole of the glide 
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resolved shear stress So, for a single crystal is 
given (Handin and Griggs, 1951, p. 867) by 
the equations 





Vi + 2sSo + 3? sin? x 


i+e 


TABLE 2.—INTERNAL ROTATION FOR DIFFERENT VALUES OF @ AND yy; s = 0.4 
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plane r; as deformation continues. Moreover for tension, 
under compression parallel to c, gliding on any t~¢et/im ke eas 


plane whose pole lies in the quadrants ABC 
or DBE will produce counterclockwise internal 
rotation of any lamella which is parallel to B 
(e.g., HJ); conversely, internal rotation will 
be clockwise if the plane of gliding has its 
pole in quadrants CBD or ABE. 

The amount of internal rotation is given by 
the equation 


cota — cot8 =ssiny, 


where a and @ are the angles between the ro- 
tated lamella and the glide plane, before and 
after rotation,? y is the angle between the glide 
direction and the axis of internal rotation, and 
s is the shear, = tangent of the angle of shear. 
(Cf. a similar equation given by Bell, 1941, 
p. 260.) For gliding on a plane inclined to the 
stress axis at an angle x, the relation between 
the strain ¢, the shear s, and the coefficient of 





2 The larger of the two angles is designated 8, 
so that cot a-cot 8 is always positive. The equation 
can be suitably modified for the special case where 
the rotated lamella passes through a position nor- 
mal to the glide plane. 


for compression. 


Where «€ and s are small these reduce to the 
form 


€= SSo. 


Table 2 shows how the amount of internal 
rotation varies with variation in values of a and 
‘Y, assuming constant shear, s = 0.4 (as ina 
typical experiment where elongation ¢€ = 0.2 
and So = 0.5). 

In Table 3 values of internal rotation are 
given for different values of a and of s, assum- 
ing y = 90°. Strain € corresponding to each 





! 


a 


I 


value of s is also given for the case where both | 


the glide plane and the glide direction are 
inclined at 45° to the axis of applied stress 
(So = 0.5). 

In Figure 13 four hypothetical glide direc- 


tions #, t’, t’’ and ¢’”’ for gliding on 7, are shown | 
in projection. The relative effectiveness of the | 
four glide systems in causing internal rotation | 


of an é2 lamella HJ is summarized in Table 4. 
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Assuming constant shear on 7 (s = 0.4), since 
a is also constant (7; to ¢ = 38°), the most 
effective glide direction is ¢, for which y has 
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gressive development of optically recognizable 
{0112} lamellae as deformation proceeds. In 
thin sections of such material, measured effects 


TABLE 3.—INTERNAL ROTATION FOR DIFFERENT VALUES OF @ AND S; y = 90° 
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* Elongation or shortening assuming So = 0.5, x 


= 45°. 


TABLE 4.—INTERNAL ROTATION OF @¢: DURING GLIDING ON 7 IN Each OF Four GLIDE DIRECTIONS 





























ube Compression parallel to ¢ 
s Shortening 15% (€ = .15) 

Glide direction | Y Sin y 

Internal Ss ; Internal 

rotation . rotation 
t = [rire] 77° .97 104° 31 5 134° 
t = [nic 30° | 3 6° 0 on no 
t” = alpina] 12° | 14° 41 .36 14° 
"= [nif 51° | tw 8° oS 3 53° 








the highest value of the four. The same direc- 
tion is the most effective if we take a particular 
experiment in which the direction of applied 
stress (compression parallel to the c axis) and 
the strain (shortening 15%) are both constant. 
Here ¢’ is ineffective since for this glide system 
So is zero. 


Experiments Favoring Twin Gliding on {0112} 


Throughout the range of our experimental 
conditions crystals of calcite, whenever ap- 
propriately stressed, deform by twin gliding 
on {0112} = e, parallel to the edge [e,:72], the 
sense of gliding being positive. The mechanism 
of deformation is clearly shown by the external 
shape of the deformed cylinder and by pro- 


of internal and external rotation can be related 
to the known mechanism of gliding, and in this 
way it is possible to confirm the validity of 
some of the concepts stated in the preceding 
section, as applied to twin gliding on {0112} 
in calcite. 

Theoretically predictable effects of internal 
rotation during twin gliding on a given {0112} 
plane e; as noted by Bell (1941), include the 
following (cf. Fig. 14): 

(1) Previously existing lamellae e2 will rotate 
about their axis of intersection with e (B in 
Fig. 14), and their pole will migrate away from 
é, along the great circle ¢¢:. The ultimate 
position of the rotated lamella (Ls) in the com- 
pletely twinned crystal may be determined 
graphically as follows. The geometry of e; twin 
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gliding is such that a plane 7; is rotated about 
the axis A (=the edge [r,:e,]) through 38° to 
r,’ in the twinned lattice. On the projection 
(Fig. 14) plot U, the pole of the great circle 





Figure 14.—INTERNAL ROTATION ACCOMPANYING 
Twin Guiipinc on {0112} = e IN CALCITE 
EQuaL-AREA PROJECTION 


Poles of planes in initial lattice are marked c, 
ri, etc.; those in twinned lattice are marked c’, rj, 
etc. Lamellae e: are rotated through L2 to L;; 
lamellae f, are rotated to Ls. Axis of internal rota- 
tion of ¢. during twin gliding on e is B; glide line 
in ¢; is gl. 


containing poles of e. and 7; then U is the 
edge [e2:7:]. Rotate U through 38° to V, in the 
appropriate direction, along the small circle 
UV about the axis A. Then V is the intersec- 
tion of the rotated 7, plane (= 7’) and the 
rotated é: lamella L3. The pole of L; lies on the 
intersection of the great circle ee, and the 
great circle XY of which V is the pole. The 
angle of internal rotation e: to Ls; is found to be 
22°; and Ls coincides precisely with a {1120} 
plane of the twinned lattice. The same angle 
can be calculated directly from the equation 


cota — cotB =ssiny, 
where, for twin gliding on e; in calcite, 


a = angle ¢ to ¢, = 45°, 
y = 57°, 
and s = 2 tan 19° = 0.688. 


From this, cot 8 = 1 — 0.688 sin 57 = 0.422 = 
cot 67, and the angle of internal rotation of 
é: = 67° — 45° = 22°. Borg and Turner 
(1953, p. 1347, 1348) have recognized rotated 
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é. lamellae in calcite of experimentally de- 
formed Yule marble and have designated 
partially and completely rotated lamellae L, 
and Ls, respectively. They graphically deter- 
mined the angle e, to Ls as 68°; the calculated 
angle is 67°. 

(2) A visible lamella r; in the original lattice 
will be rotated internally through 38° to 7,’ of 
the twinned lattice. Such rotation is difficult 
to recognize except in those rare cases where 
the original 7, structure is a narrow 7 twin 
lamella. In an incompletely twinned lattice 
partially rotated 7, lamellae, Ly, may be iden- 
tified by their anomolous crystallographic 
orientation; the angle between the pole of L, and 
c of the twinned lattice is 45° to about 65°. 
(Cf. Figure 18E.) Note that internal rotation 
of r. by twin gliding on e is impossible, since 
their intersection is the glide line for e twin- 
ning. 

(3) Lamellae f; will be rotated internally 
about the axis [e:/i], = A in Figure 14. Ro- 
tated lamellae of this kind, hitherto not recog- 
nized, have been identified rarely in the present 
study and are designated Ls. 

For internal rotation of a lamella cozonal 

with e, and 7 during twin gliding on «4, 

since the angle y = 90°, the equation of 

rotation reduces to 


cot a — cot 8 = 2 tan 19° = 0.688. 


For rotation of f,,8 = the angle f, to e, = 37°, 
and cot a = cot 37 + 0.688 


= 2.015 = cot 26°. 


The angle of internal rotation f, to Ls is thus 
11°; and the sense of rotation is such that 
L; coincides precisely with {0001} of the com- 
pletely twinned lattice (c’ in Fig. 14). 

EXTENSION PARALLEL TO ¢ AXIS: Shear-stress 
data are as follows: 





Glide system ri re 1 2 fi he - 
[fori] [ferrs] 

So -50 .50 .40 .40 = .33 . a 

Sense i i i 2 - + 


Experiments: 183, elongation’ 19%, 20°C, 
10,000 atmospheres (Pl. 1A); 184, elonga- 





3 The “elongation” or “shortening” recorded in 
the text for each experiment is based on measure- 
ments made on the deformed cylinders after re- 
moval from the apparatus. The values differ slightly 
from “total strain” (including elastic strain) re- 
corded in Table 1. 





ee 





Tw 
specir 


A: 

B. 
initia 
the i 
terna 


€3. T 
each 
on 01 
the | 
adjo 
and 
In F 
conc 
the | 
opp 
at I 
tion 
thir 
rela 
lam 
in F 
com 
and 
‘és 
boh 
con 
and 





lly de- 
ignated 
llae L, 
- deter- 
culated 


lattice 
o r:’ of 
lifficult 
where 
ry, twin 
lattice 
e iden- 
sraphic 
L, and 
it 65°. 
»tation 
, since 
twin- 


rnally 
4. Ro- 
recog- 
resent 


ozonal 


on ¢, 
ion of 


= 37°, 


; thus 
that 
com- 


stress 





[fe sn] 
33 
+ 


20°C, 
nga- 


ed in 
sure- 
er re- 
ghtly 
) re- 





' 





PETROGRAPHIC OBSERVATIONS 


tion 25%, 20°C, 10,000 atmospheres 
Pl. 1C); 379, elongation 18%, 300°C, 
5000 atmospheres (Pl. 1B). 
Twinning and related effects. In all three 
specimens twinning occurs freely on ¢, é2, and 
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Internal and external rotation. Phenomena of 
internal and external rotation conform to the 
principles stated earlier, but are too compli- 
cated in crystals simultaneously twinned on 
three different planes for detailed discussion 





B 


FicurE 15.—EQuaL-AREA PROJECTION, SPECIMEN 184; EXTENSION PARALLEL TO ¢ AXIS 


A. Sector almost completely twinned on ¢ (Pl. 1C, above UV). ° 

B. Sector almost completely twinned on e2 (Pl. 1C, below UV). Crosses represent initial lattice in 
initial position. Circled points represent completely twinned lattice after external rotation. The ¢ axis of 
the initial lattice after external rotation is c’; poles of some e planes in the initial lattice after_ex- 


ternal rotation are marked x. 


e;. The microsections are divided into sectors 
each of which is partially or completely twinned 
on one of these twin planes. Thus, in Plate 1A, 
the sector A is completely twinned on é2, the 
adjoining sector B is about half twinned on és, 
and the end sector C is almost nontwinned. 
In Plate 1B twinning on e: and e, respectively 
concentrated in bands A and C, has displaced 
the left-hand edge of the specimen in mutually 
opposed senses to produce a marked re-entrant 
at D. A transverse section cut across the junc- 
tion of two differently twinned sectors of a 
third specimen is shown in Plate 1C, and the 
relative positions of the various types of visible 
lamellae are plotted on equal-area projections 
in Figure 15. In Plate 1C there has been almost 
complete twinning on ¢ above the line UV, 
and on é: below UV. The two sectors join along 
a surface approximating the common rhom- 
bohedral surface, r; of the original lattice; this 
contains the respective glide lines [e::73] in e& 
and [es:73] in és. 


to be profitable. We note however that in 
specimen 184 (Pl. 1C; Fig. 15A, B) the ¢ 
axes of the completely twinned lattices are 
now inclined to the original c axis at 65° and 
70° instead of at 52°. The difference, 13° to 18°, 
is a measure of the external rotation which has 
affected each sector; and the axis of external 
rotation in each case approximates the theo- 
retical orientation, a, parallel to the twin plane 
and normal to the glide line. In the same sec- 
tion the most obvious result of internal rota- 
tion is the presence of two sets of Ls lamellae 
in the upper sector and one set in the lower 
sector. Derivation of these by rotation of e2 and 
és (in the upper sector) and ¢; lamellae (in the 
lower sector) is illustrated in Figure 15. In 
each case external rotation of the whole sector 
is represented by the small-circle arc e x, and 
the internal rotation of the lamella within the 
sector is represented by the great-circle arc 
x Ls (22°). 

Shape of specimens. The zigzag outlines of 
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longitudinal sections and the crystallographic 
orientation of axes of maximum shortening in 
transverse sections (normals to AB and to CD 
in the respective sectors of Pl. 1C) are consistent 
with deformation by complete twinning on each 
of the three {0112} planes individually localized 
in one or more broad sectors of the specimen. 

Mechanism of deformation. Twin gliding on 
Qi, C2, and €3. 

Minor effects. A minor but conspicuous and 
consistent feature is the presence of long, dark, 
widely spaced r lamellae in completely twinned 
sectors. These are parallel to the glide line 
[r:e] for e twin gliding in the sectors in which 
they occur. Thus in area A of Plate 1A and 
again in the lower sector of Plate 1C, r; and rs 
lamellae are associated with complete twinning 
on é; and in the upper sector of Plate 1C, rz 
and 7; lamellae occur where there is complete 
twinning on ¢. Rarely the r lamellae are thick 
enough for incipient r twinning to be suspected. 
The r lamellae seem to have developed sub- 
sequently to the e twinning of the sectors in 
which they occur. They are planes of very low 
resolved shear stress for the direction normal 
to [r:c]. Another minor feature is late develop- 
ment of a few broad secondary e twin lamellae 
within a lattice already completely twinned 
on another e plane. Such are the lamellae es 
above UV and ¢ below UV at the left of Plate 
1C; for these, So lies between 0.23 and 0.1 
(according to the extent of external rotation 
of the sector), but the sense of shear is positive 
and so favors twin gliding. 

EXTENSION PERPENDICULAR TO {01/2} = ¢@: 
Shear-stress data are as follows: 


Glide system ri re a e2 fi fr 
[Lfairi] [fezrs] 

So a 2.6 An. -21 ll 

Sense + *+ ~- + + a 


Experiments: 384, elongation 8.5%, 20°C, 
5000 atmospheres (Pl. 2A); 386, elonga- 
tion 8.7%, 300°C, 5000 atmospheres 
(Pl. 2B). 

Twinning and related effects. In 384, lamellar 
twinning on é2 and eg respectively is concen- 
trated in opposite ends of the specimen. Twin- 
ning is mainly on é2 in the lower half and on 
és in the upper half of the section. Accompany- 
ing effects of internal rotation are mutually 
opposite in sense—clockwise below and counter- 
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clockwise above—and so cancel each other, so 
that external rotation is negligible. In 386, 
lamellar twinning is strongly developed only 
on é, with clockwise internal rotation. Lamellae 
és are subordinate. Twinning on é is concen- 
trated within two intersecting diagonal zones— 
a kink band WXYZ showing counterclockwise 
external rotation, and a broad zone ZUXV 
trending parallel to the glide plane e. In the 
kink band twinning is about 50 per cent com- | 
plete; but in the zone ZUXV the twinned 
lattice is subordinate to the original lattice. 
Where the two bands overlap in the vicinity 
of P, effects of twinning are cumulative, and 
the crystal approaches the completely twinned 
condition. 

Internal rotation. In 384, internal rotation of 
early-formed e; twin lamellae by later sub- 
stantia] gliding on é: is obvious in the vicinity 
of X (Pl. 2A; cf. also Fig. 16A, B). Lamellae 
e3 in the lower-right relatively undeformed 
sector of the specimen bend sharply clockwise 
through approximately 12° where they enter 
the zone of strongest twinning on e:. In this 
zone twinning is somewhat more than half 
complete, so that the twinned lattice is rather 
more extensively developed than the original 
lattice. Toward the middle of the section 
(e.g., near Z) the bent lamellae are less de- 
flected. Here twinning on é: is not more than 
one-quarter complete. In Figure 16B the poles 
of the bent lamellae, Lz, lie on the great circle 
containing poles of ¢, and ¢s, as is theoretically 
required for internally rotated lamellae of the 
L, and L; types. There has also been internal 
rotation of e, to L,’ along the arc ee, by twin 
gliding on é2; and in the upper half of the crystal 
near Y where twinning on ¢; is strong é: lamellae 
have been rotated counterclockwise through 
8° along the arc é3¢2 to L,”’. 

In 386 (Pl. 2B), early e; lamellae near M 
and N have been rotated clockwise through 
12° to assume Le status within the zone of 
strong twinning on és. In the vicinity of P is a 
second set of L, lamellae whose trace on the 
plane of the section is subhorizontal. They 
have been derived from e by clockwise internal 
rotation through 8°. 

External rotation. In 386, counterclockwise 
external rotation is limited to the diagonal 
kink band WXYZ, where the angle of rotation 
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CALCITE CRYSTALS EXTENDED PARALLEL TO c AXIS 


Section perpendicular to zone axis of e: and rm; c axis vertical. 
Section perpendicular to zone axis of e: and ri; c axis vertical. 





Above UV, complete twinning on e:; below UV, complete twinning on és. 


Section perpendicular to c axis of initial lattice. 


“Strike and dip” of twin planes shown by AB and CD. 


Specimen 183 
Specimen 379 
Specimen 184. 


A 
B. 
Cc 
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CALCITE CRYSTALS EXTENDED PERPENDICULAR TO 
m (A, B) AND AT 81° TO ¢ AXIS (C). 
Specimen 390; extension perpendicular to mu. Section perpendicular to zone axis of m and e: 
and parallel to deformation plane. 
Specimen 390. Deformation bands (dark) in area C of Plate A. Nicols crossed. 
Specimen 420; extension at 81° to c axis. Section perpendicular to zone axis of m and e: and 
parallel to deformation plane. 
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is 18°-20°. It is clearly indicated (Pl. 2B) by 
the change in trend of é, twin lamellae as they 
enter the band. Note, however, that in the 
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of the whole lattice of the kink band in the 
opposite sense. Figure 16C illustrates graphic 
construction of the axis of external rotation 
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FIGURE 16.—ROTATION IN SPECIMENS 384 AND 386; EXTENSION PERPENDICULAR TO @ 


A. Specimen 384. Internal rotation of e; lamellae to L2 during twin gliding parallel to e: (area X, Pl. 2A). 
Degree of twinning on e: shown diagrammatically by density of stippling. 

B. Specimen 384. Equal-area projection showing internal rotation of es; to Lz, and of e; to Lz’, during 
twin gliding parallel to ee. Circled points represent initial lattice. Crosses represent twinned lattice. L,” is 
an initial e2 lamella rotated during partial twinning on e;. 

C. Specimen 386. Graphic determination of axes of external rotation, a, of kink band. Sense of external 
rotation is shown ER. Circled points represent initial lattice; crosses represent externally rotated lattice of 
kink band. Sense of accompanying internal rotation due to twin gliding parallel to e: is shown at center. 





lower half of the photograph the trend of 
early e; lamellae in the undeformed zone 
(e.g., near R) is within a few degrees of that 
of rotated es (=Le) lamellae in the twinned 
band above Y. This is because internal rotation 
of es to an Le orientation within the kink band 
is almost compensated by external rotation 


(kinking). Various crystallographic directions 
and planes (e.g., c, €1, €2, 73) are located sepa- 
rately within and outside the kink band. For 
each pair of similar points on the projection 
an arc is drawn, connecting the pole of the 
great circle on which they lie with the bisector 
of the acute angle between them. All such arcs 
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(great circles) intersect in the axis of external 
rotation. The principle previously stated 
is confirmed by the fact that the rotation axis, 
so located graphically in Figure 16C (an a 





FiGurE 17.—RELATIONS OF ¢é, @, AND 7 TWIN 
LAMELLAE, SPECIMEN 196; EXTENSION 
PERPENDICULAR TO fr; 


crystal axis) is parallel to the known glide 
plane e, and perpendicular to the known glide 
direction [e2:r3] for twin gliding on the observed 
twin plane é:. Moreover, as theoretically pre- 
dicted, the clockwise sense of internal rotation 


due to twinning is the reverse of the counter-— 


clockwise sense of external rotation in the kink 
band. 

Mechanism of deformation. Twin gliding on 
é2 and on é3; both planes equally active in 384, 
one plane (é2) greatly predominant in 386. 

Minor effects. Widely spaced nontwinned e 
lamellae extend across the full width of the 
specimen, especially in the almost undeformed 
end sectors. Widely spaced partings parallel 
to re and rs and rare thin twin lamellae r2 
occur in 384 (note that the sense of gliding on 
r. is positive). The short interrupted diagonal 
(NW.-SE.) markings in the almost completely 
twinned central sector of 386 (area P, Pl. 2B) 
are re’ partings in the twinned lattice; they 
are inclined at only 8° to mz of the untwinned 
lattice. 

EXTENSION PERPENDICULAR TO {/0//} = 1: 
Shear-stress data are as follows: 
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Glide system 1 r2 a e2 fi _& 
[fezri] — [fezra} 
So 0 -20 .31* O -23 0 47 
Sense + + = + 
Experiment: 196, elongation 3%, 20°C, 


10,000 atmospheres (Pl. 2C). 

Twinning and related effects. Narrow con- 
tinuous twin lamellae e, are present everywhere 
except for a wedge-shaped end zone (near A, 
Pl. 2C) of slight deformation. In a narrow zone 
2 mm wide (XY) e twinning is almost half 
complete; elsewhere the section is not more 
than one-fifth twinned. 

Internal rotation. There are minor effects of 
internal rotation within relatively broad ¢ 
lamellae where these cut earlier e, and r; lamel- 
lae in the almost undeformed end sector around 
A (Fig. 17). As required by theory, counter- 
clockwise internal rotation within the «¢ 
lamellae has brought e. and 7 to coincide re- 


spectively with {1120} = Ls and with 7; of the | 


twinned lattice. 

External rotation. The lower part of the sec- 
tion has been externally rotated clockwise 
through 3° with reference to the undeformed 
end sector. 

Mechanism of deformation. Twin gliding on ¢;. 

Minor effects. In the undeformed area around 
A narrow é twin lamellae are accompanied by 
nontwinned lamellae e. and narrow twin lamel- 
lae r; (Fig. 17). These 7; bands are wide enough 
for their twinned character to be confirmed 
by the orientation of internal secondary ¢,' 
partings and by reversal of @ and y refractive 
indices as contrasted with those of the host 
crystal. The order of development of lamellae 
near A is és, 71, €:; and a positive sense of twin 
gliding on 7; is established by clockwise internal 
rotation of e, within the 7; twins (the alterna- 
tive possibility that 7; twins formed after ¢ is 
discarded, for it would require 7; gliding in 
opposite senses in the host crystal and in the 
e, twin lamellae, respectively). 

A trivial feature is the presence of /; fractures 
in the upper left corner of the section. 

COMPRESSION PERPENDICULAR TO {10/0} = 
m: Shear-stress data are as follows: 





‘Although e is stressed favorably for twin 
gliding, the steel end cups restrict this mechanism 
of deformation. 
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Glide system on re a e2 fh ta 
—_oe— 
[fezri]  [fezrs] 

S i 3 eS Se oe 

Sense -; + + & + + - 


Experiments: 190, shortening 15%, 20°C, 
10,000 atmospheres (Pl. 3A); 328, shorten- 
ing 17%, 150°C, 5000 atmospheres (Pl. 
3B); 389, shortening 10%, 300°C, 5000 
atmospheres. 

Twinning and related effects in all three ex- 
periments are identical. Throughout the whole 
cylinder there has been extensive twinning on 
¢ and only minor twinning on ¢é2 and on ¢;. 
Transverse to € is a broad diagonal kink band 


/ (Pl. 3A, XY; Pl. 3B, UVWX) within much of 


which e; twinning has proceeded to completion. 
This is flanked above and below by less-de- 
formed end sectors within which, however, ¢ 
twinning progressively increases toward the 
margins of the kink band. Thus in the general 
vicinity of U and V (Pl. 3A) the crystal is at 
least half-twinned on ¢. 

External rotation. Since rotational effects in 
all three specimens are identical, discussion 
will be confined to specimen 190 (Pl. 3A). 
The sense of external rotation of the kink band 
(counterclockwise in P]. 3A) is opposed to that 
of internal rotation accompanying twin gliding 
on ¢. The axis of external rotation is the zone 
axis of 7;, €:, and f,, and the maximum angle 
of external rotation is 37°. This is demonstrated 
in Plate 3A by the change in trend of e; lamel- 
lae. Since the c axis in the twinned lattice is 
displaced 52° counterclockwise with reference 
to c of the original lattice, the respective c 
axes of the little-deformed end and the com- 
pletely twinned kink band are now inclined to 
each other at 89°; so that the lattice of the 
kink band is now geometrically related to that 


' of the end zones as if by twinning on 7. In 


specimen 328 the angle of external rotation is 
only 30°, so that the respective c axes of the 
end and the kink band are mutually inclined 
at 82°. 

At the hinges of the main kink band (e.g., 


; near A and B, Pl. 3A) a series of sharply de- 


fined minor bands exhibits a close relationship 
between degree of internal deformation and 
angle of external rotation. In Figure 18A, repre- 
senting area A of Plate 3A, bands 2 and 3 are 


| minor kink bands separating the relatively 
| undeformed sector 1 from the completely 
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twinned major kink band 4. In sector 1 narrow 
widely spaced e, twin lamellae make up not 
more than 5 per cent of the crystal. At the 
1-2 boundary the crystal suddenly becomes 
80 per cent twinned on &, and at the same time 
the original lattice (as shown for example by 
the trend of ¢) is externally rotated counter- 
clockwise through 28°. The 2-3 boundary is 
marked by clockwise external rotation of the 
lattice through 5° and by slight decrease in 
degree of twinning on ¢,. Then comes another 
sharp change at the 3-4 boundary, where the 
lattice becomes almost completely twinned on 
e, and there is further counterclockwise external 
rotation through 14°. Cumulative counter- 
clockwise external rotation of sector 4 in rela- 
tion to sector 1 is thus (28° — 5° + 14°) = 
37° (+ 1). 

Internal rotation. The same area (cf. Fig. 
18 A-C) illustrates internal rotation of thin e2 
and e; lamellae to Le and finally L; orientations. 
In the relatively undeformed sector 1, the 
traces of e2 and ¢g are parallel. As they cross 
bands 2 and 3 these lamellae undergo counter- 
clockwise external rotation less than that shown 
by the bands within which they lie. Within 
the bands they are internally rotated clockwise 
with reference to the local trend of the c axis, 
and so assume the status of Lz lamellae (angles 
é, to Lz in bands 2 and 3 are respectively 63° 
and 57° (+ 2°), as contrasted with 45° for e 
to ¢). On entering the completely twinned 
band 4, the same L» lamellae are internally 
rotated stiil further so that they there coincide 
precisely with the prisms {1120} of the twinned 
lattice. They are now L; lamellae, and ¢ to Ls 
is 67°. In Figure 18B the various lamellae 
referred to above are plotted with reference to 
the stress axis. The same data are replotted 
(Fig. 18C) after rotation of the original lattices 
of all four bands to a common orientation 
given by coincidence of c and of e in every 
case. Note in Figure 18C the migration of 
poles of ¢, and e; of the undeformed lattice 
through Lz positions to Ls in the completely 
twinned lattice. In specimen 328, development 
of L, and Ls lamellae follows a course precisely 
parallel to that just described. 

Internal rotation has affected 7; twin lamellae 
in the undeformed end sector and the immedi- 
ately underlying minor kink bands at top 
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right of Plate 3A and top left of Plate 3B. 
In spite of the differences of lattice orientation 
in these bands (a total range of 30°), 7 twin 
lamellae appear to maintain parallel orienta- 
tion throughout (Fig. 18D). This is because 
internal rotation of r,; within the lattice of 
‘each band is almost exactly compensated by 
‘the same degree of external rotation of the 
lattice itself. If for each band in specimen 328 
\(Pl. 3B, top left) the pole of 7, is plotted with 
ireference to e, and the c axis of the original 
‘lattice of the band in question, it is obvious 
‘that with progressive twinning of e there is 
progressive internal rotation of 7; counter- 
clockwise (Fig. 18E). We may now term these 
rotated r, lamellae Ly. With increase in twinning 
‘on ¢, from 5 per cent near the ends to 90 per 
‘cent in the main kink band, the angle between 
cand the pole of Ly increases from 441¢° to 
about 75°. However, the twinned lattice is 
now dominant, so that the angle between the 
" pole of Ly and ¢ of the twinned lattice is 53°. 
Complete twinning on ¢ should internally 
rotate 7; lamellae through 38° and bring them 
, % coincide with 7 of the twinned lattice. In 
"6; the case just described 7, twin lamellae have 
been rotated approximately 30° through the 
‘enclosing crystal lattice. The discrepancy is 
due to the fact that e; twinning in the area 
where Ly lamellae occur has not proceeded 
quite to completion. During rotation L, lamel- 
lae, initially sharply bounded by 17, planes, 
darken by internal development of secondary 
, 4 fractures and become somewhat crenulated 
along the boundary surfaces. However, they 
show no sign of disintegration even after rota- 
tion through 30°. 
Shape of specimens. The cross section of 
each cylinder is an ellipse whose long diameter 
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is parallel to the initial c axis, 7.e., to the pro- 
jection of the glide line [e::72] upon the cross 
section. Plates 3A and 3B are photographs of 
longitudinal sections cut parallel to the defor- 
mation plane. 

Mechanism of deformation. Twin gliding on e,. 

Minor effects. Widely spaced narrow é2 and e; 
lamellae have formed early in the end regions of 
the cylinder and later have been rotated to L, 
and L; positions during progressive e; twinning. 
As also observed in deformed Yule marble, the 
Lz and L; lamellae, while retaining their iden- 
tity to the end, become dark as a result of 
progressive development of closely spaced 
internal partings as rotation proceeds. Finally 
we note the appearance of thin continuous 
lamellae r; which are nevertheless thick enough 
for their twinned character to be recognized 
beyond doubt. They are confined to the rela- 
tively undeformed end sectors (NE.-SW. 
lamellae in the upper right of Pl. 3A). Some 
reach 0.01 mm in thickness; and within them 
it is possible to locate closely spaced partings 
coinciding with e¢ of a lattice twinned on 7; 
(Fig. 18D). 


U nfavorable to 
on {0112} 


Experiments Twin Gliding 


Twinning on {0112} typically does not de- 
velop in crystals so oriented in the stress 
field that the sense of possible gliding on all 
three {0112} planes is negative. Such speci- 
mens have deformed by some other mecha- 
nism—presumably translation gliding on one 
or more sets of planes of high resolved shear 
stress. Although they may show well-defined 
lamellae parallel to {0112}, {1011}, {0221}, 
and rarely even other crystallographic planes, 
the lamellae typically are nontwinned and 





FIGURE 18.—INTERPRETATION OF LAMELLAE IN SPECIMENS 190 AND 328; 
COMPRESSION PERPENDICULAR TO m; 


A. Specimen 190. Sketch showing lamellae in deformation bands (1-4) of area A, Plate 3A. Broken 


H lines drawn at boundaries of bands. 


__ B. Specimen 190. Equal-area projection showing relative positions of c, c’ (in completely twinned lattice), 
+4, and two series ¢, Le, Ls, in area sketched in A. Points labelled 1, 2, 3, 4 refer to bands 1, 2, 3, 4 

C. Specimen 190. Equal-area projection showing same data as in B, replotted on a common crystal- 

lographic orientation (that of band 4). Senses of internal and external rotation accompanying twin gliding 


on ¢ are indicated at center. 


D. Specimen 190. Sketch showing r; twin lamellae in area occupied by closely spaced nontwinned e, 
lamellae. Note continuity of 7; (above) with L, in rotated area (below). 

E. Specimen 328. Equal-area projection showing internal rotation of r, lamellae to Ly and ultimately 

| ton,’ of the twinned lattice, during twin gliding on ¢,, at top left center of Plate 3B. Circled points represent 


_ initial lattice; solid circles represent twinned lattice. 
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widely spaced, and fall in the category of 
minor effects of deformation. There is good 
evidence to show that in some specimens all or 
most of them have developed late after cessa- 
tion of plastic flow. 

Three independent lines of evidence may be 
used to identify the plane and direction of 
translation gliding in specimens that lack 
twinning: 

(1) The cross section of the cylinder—an 
ellipse of deformation—gives the mutually 
perpendicular directions of maximum shorten- 
ing and elongation in the plane normal to the 
axis of applied stress. When one axis of the 
ellipse is the same as the original diameter, 
the translation line or lines must lie in the 
plane normal to this axis of no strain. 

(2) Where kink bands are present the axis 
of external rotation (parallel to the glide plane 
and normal to the glide direction within the 
band) may be determined by graphic construc- 
tion. 

(3) Lamellae of anomalous orientations may 
be identified as early formed {0112} or much 
less commonly {0221} lamellae, which have 
been rotated internally as a result of gliding 
on planes which intersect them at high angles. 
The rotation axis is readily determined pro- 
vided the angle of internal rotation is greater 
than about 10°. The observed sense of rotation 
for a given stress system limits the choice of 
possible glide planes in the zone of the rotation 
axis. 

EXTENSION PERPENDICULAR TO {1/010} = m: 
Shear-stress data are as follows: 





Glide system i re 4 ez fi Se 

[fain] [fairs] 
So nw © @ © 32 -16 
Sense - - - - _ + 


This orientation is critical since it favors 
gliding in the negative sense on 1, é1, or fi. 

Experiment: 390, elongation 16%, 300°C, 
5000 atmospheres (Pl. 4A, B). 

External rotation. Deformation is concen- 
trated within a central kink band (betweenYU 
and ZV, Pl. 4A), which has been externally 
rotated clockwise through an angle of between 
11° and 19° as indicated by the change in 
direction of the ¢ axis. Bending is relatively 
sharp and is localized along the hinges YU and 
ZV, inclined at about 60° to the cylinder axis. 
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The axis of external rotation, jel 

graphically, is the a2 axis parallel to m,. Thi 

limits choice of a glide plane to planes in thé 

zone of r; and é. j 
Internal rotation. Orientation of long, widely 

spaced ¢ lamellae (including some that an 

definitely twinned)® in the vicinity of hinge 

UY and VZ affords significant evidence 9) 

internal rotation. At the hinge UY (Pl. 4A 

area D) lamellae are oriented as shown ip 

Figure 19A. Lamellae such as 1 and 2 show 

the normal relationship to ¢c within their re 

spective sectors, so that lamella 2, at leas 4 

must be of late origin. The same applies t. Y 

lamella 3, which, as it crosses the hinge UY 

over a distance of 1 mm, changes direction 

clockwise through 12°—the angle of external 

rotation of c achieved in the immediate vicinity 4 

of the hinge. Lamellae 4 are optically recog! 

nizable twins’ and must be of early origin. 

Their lower ends have been rotated counter. 

clockwise within the deformed sector below! 

UY so that opposite ends, 4 mm apart, are now! 

mutually inclined at about 14°. This is in- 

terpreted as rotation of passive lamellae 

brought about by gliding (internal rotation) 

in the enclosing crystal lattice. Like the latter 

the sense of movement is counterclockwise,} 

and the axis of rotation is found by graphic 

construction to be the a2 axis of external rota- 

tion. When the latter is also taken into account, 

it is clear that the total internal rotation of] 

lamella 4 in relation to the c axis below UV is 

26°. Above UY the pole of lamella 4 ( =e;) is 


26° distant from c; but below UY it approxi Fic) 
mately coincides with c. It is an extreme ex. , 4. Are 
; (below). f 


ample of the type of lamella previously termed\4 are 1, 
L, (Borg and Turner, 1953, p. 1346), with | B. Sen 
pole which usually lies somewhere between) C. Def 
that of e and c. gthe kink | 
. itself = ¢ 
Shape of specimen. The kink band is — 
elliptical in cross section. Its major diameter Sachs 
(0.4927 inch) is parallel to the rotation axis pende a 
a2 and is the same as before deformation. The is the 
minor diameter, normal to az, is 0.3813 inch, as 


: : ” tdeformat 
compared with 0.4916 inch before the experi- (1) Ey 
= band id 





5 Note that althoug’ the resolved shear stres}to the z 
coefficient for ¢ is high, the sense of shear is nega} pein, mn 
tive, and so is opposite to that which favors twin 8 
gliding on ¢,. Compression during jacketing of the! external 
specimen may have caused these twins. ‘reasonab 
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FiGuURE 19.—ROTATION OF ¢; LAMELLAE IN SPECIMEN 390; EXTENSION PERPENDICULAR TO m, 


A. Area D of Plate 4A. Hinge YU separates undeformed area (above) from deformed area of kink band 
| (below). Above YU, all lamellae are parallel to e,. Below YU, lamellae 1, 2, and 3 are parallel to ¢;; lamellae 


are Le. 


Mechanism of deformation. Several inde- 
pendent lines of evidence point to gliding on 1: 
in the direction [r::f2] as the mechanism of 
deformation: 

(1) External rotation about a in the kink 
band identifies the glide plane as belonging 
to the zone of az, and the glide direction as 
being normal to a2. The observed angle of 
external rotation, between 11° and 19°, agrees 
‘teasonably well with that calculated from the 











B. Senses of internal rotation accompanying gliding on (hohl) and (hohl) in area shown in diagram A. 

C. Deformation band in area C of Plate 4A (cf. also Plate 4B). c axis in the undeformed end = ¢; in 
the kink band which encloses the stippled deformation band = c,; and in the stippled deformation band 
itself = cy. Lamellae in deformation band are parallel to ¢;. 


ae ; at 
observed strain, Fre assuming gliding on 
Fi 


(for which x = 4414°). For the specimen as a 
L; 
.* 
1.16. But strain is concentrated in the kink 
band, where measurement of diameters before 
and after deformation (Do and D,) gives 
L, Dé 


D7" ps” 1.289. 


whole, the elongation is 16 per cent, and 
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Substituting the above values in the equation 
Li sin Xo 
lo sinxi’ 
the angle of external rotation (xo — x:) = 12°. 
(2) Internal rotation of e, to L; about the 
axis d2 likewise limits choice of the glide plane 
to the zone of a; and the angle of internal 





- 


1 


rotation calculated for = 1.289, assuming 


| 


gliding on 7; parallel to [r;:/2], agrees with the 
observed angle 26°. Substituting « = 0.289, 
So = 0.5, and x = 441° in the equation 


1+=e V1 + 2sSo + s? sin? x, 


s = 0.65. 
From the equation 


cota = cot8 +ssiny, 
in which 8 = 71° and y 
a = 45°, 


90°, 


and the angle of internal rotation (8 — a) = 26°. 

(3) The cross section of the deformed 
cylinder requires deformation by gliding on 
some plane in the zone of ae. 

(4) Under the stress system of this par- 
ticular experiment, of all planes in the zone 
of a2 only r; or some other (ofl) glide plane 
could be effective in causing rotations in the 
observed (Fig. 19B). Gliding on /; or on other 
(hohl) planes would cause rotations in the 
opposite senses to those observed. 

(5) The value of So for the 7m glide system 
(0.5) favors gliding in this system. Conversely, 
gliding on {0001} is excluded by the zero value 
of So for this plane. 

Minor effects. In the little-deformed ends 
of the cylinder long e lamellae, including some 
that are definitely twinned®, are profusely 
developed. Much less plentiful are nontwinned 
é. and es; lamellae. In the kink band visible 
lamellae are much more sparsely developed but 
individually tend to be long and regular. They 
include 7, partings and nontwinned @, é¢2, and 
é; lamellae. 

At the upper margin of the main kink band 
(Pl. 4A, area C; Pl. 4B) several dark lensoid 
streaks trending subparallel to e, differ so 
sharply in extinction from adjacent material 
that they superficially resemble e; twin lamellae 
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(Fig. 19C). This possibility is ruled out by the 
angular relation of c in the band to c of the 
adjoining lattice (22° instead of 52° as required 
by e; twinning) and to the pole of the boundary 
surface (48° instead of 26°). Instead they are! circle co 
minor deformation bands, the lattice of which) [tern 
has been externally rotated counterclockwise—} rational 
i.e., in the sense opposite to that of the main’ rotation 
kink band. Within these minor bands ¢ is 11" Shape 
counterclockwise from its initial position and) ¢lliptica 
22° counterclockwise from ¢ in the immediately} the axis 
adjoining material. The axis of external rota-) diamete 
tion, however, is still the az axis parallel to r,) before d 


trace of 
ternally 
axis whi 
which is 





é1, and fi. Meche 

Two alternative interpretations of the minor gpecime 
deformation bands of Plate 4B merit con-) plane ir 
sideration: § senses o 

(1) Possibly the bands may have been de-} the poss 
formed internally by gliding, in the negative} are cor 
sense, on /; or some near-by plane, and so have} the mag 


become externally rotated in the opposite} sistent 1 


(counterclockwise) sense with reference to the} tions. C 
axis of the cylinder. external 

(2) More probably the bands are thick) ;, and e 
lamellae within which there has been little or) 3° and - 
no deformation, and so they have been rotated) Minor 
passively through the enclosing kink band.) lamellae 


Such rotation is internal with reference to the§ tion. Al 


lattice of the kink band, and its sense agrees a few o 
with the counterclockwise sense of gliding on 7, twins. F 
within the kink-band lattice. | lamellae 
EXTENSION aT 8/° TO c¢ AND 3514° TO 1:) vaguely 
Shear-stress data are as follows: marked 
Glide system sn re é1 e fi Sa indetern 
[fein] beni, the vici 

So . a ee ae a EXTE} 
Sense ran CS ge ee ae - + | data are 
Since the axis of elongation bisects the acute| Glide syst 


angle between e, and r;, and lies in the plane} 
containing the two translation directions, these) 5 
two planes are similarly stressed. } Sense 
Experiments: 414, elongation 9%, 20°C, 5000 | The rho 
atmospheres; 42/, elongation 6%, 150°C, 


| C axis a’ 

5000 atmospheres; 420, elongation 5%.) normal 
300°C, 5000 atmospheres (PI. 4C). Exper 
Visible effects in all three microsections are 500 
identical; the details given below refer spe- 300 

cifically to specimen 420. Visible 
External rotation. More than half thespecimen | which fc 
comprises a broad kink band whose boundaries Exteri 


UV and WX are more or less transverse to the} strongly 





by the 
of the 
equired 
undary 
ney are 
| which 


trace of 7;. This central zone has been ex- 
ternally rotated clockwise through 6° about an 
axis which cannot be determined precisely but 
which is inclined at a high angle to the great 
circle containing poles of r; and ¢. 





Internal rotation. Most e2 and e; lamellae are 


swine rational, but a few e, show distinct internal 


e main! 


> is 11°) 
on and} 


rotation counterclockwise through about 4°. 
Shape of specimens. Cross sections are slightly 
elliptical, with the shorter diameter normal to 


diately) the axis a2 (= the trace of e). The longer 
i rota} diameter—parallel to a,—is the same after as 


1 to 7,1 


: minor 
t con- 


‘en de- 
egative 
0 have 
posite 
to the 


thick 


band. 


before deformation. 


' Mechanism of deformation. The shape of the 


specimen is consistent with gliding on some 
| plane in the zone of e, and r;. The respective 
senses of internal and external rotation rule out 
the possibility of gliding on e, f:, or {0001} but 
are compatible with gliding on 7. Moreover, 
the magnitude of the angles of rotation is con- 
sistent with this latter mechanism of deforma- 
tions. Calculated angles of both internal and 
external rotation based on assumed gliding on 


: r, and elongation of 8-12 per cent are between 
ttle or} 
otated | 


3° and 4°. 
Minor effects. Sections are remarkably free of 
lamellae and partings attributable to deforma- 


to the§ tion. All show long clear-cut ¢ and ¢; lamellae, 


agrees. a few of which are very narrow but definite 
£onn twins. Partings parallel to r; and nontwinned e 
_ lamellae are locally present. In 420, there are 
TO ri!) vaguely defined narrow closely spaced 7, bands 
_ marked by local development of tiny cracks of 
fe j nicterminate identity. They are well shown in 
7“ ? the vicinity of Z (Pl. 4C). 
a EXTENSION PARALLEL TO [72:73]: Shear-stress 
+ | data are as follows: 
acu te} Glide system ri re é1 2 fi a 
plane! Van) fairs] 
these | So 31 0 0 12 .38 -20 -38 
Sense _ —_ — _ + 
, 5000 | The rhombohedral edge [72:73] is inclined to the 
30°C, c axis at 64° and to the pole of 7; at 19°; it is 
| 5%, | normal to the zone axis of r; and ¢. 
Experiments: 411, elongation <2%, 20°C, 
iS are 5000 atmospheres; 4/2, elongation 20%, 
r spe- 300°C, 5000 atmospheres (PI. 5). 
Visible effects in 4// are trivial. The details 
cimen | which follow refer to specimen 412. 
daries} External rotation. The cylinder has necked 
to the} strongly (Pl. 5A), and a major kink band has 
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developed between UV and WX of Plate 5B. 
Within this the structure is complicated by the 
presence of secondary bands and streaks—the 
dark sigmoid structures trending parallel to SS 
in Plate 5B—in which there has been extensive 
twinning on ¢. These complexities will be con- 
sidered later. In the remainder of the kink band 
(light areas of Pl. 5C) the lattice has been ex- 
ternally rotated clockwise through angles which 
increase from 25° near the hinge (area B, Pl. 
5B) to 37° in area C and ultimately reach 40° 
below C. The resulting zones of undulatory 
extinction trend roughly parallel to UV—i.e., 
transversely to 7;. They are not obvious in the 
photograph but are indicated diagrammatically 
as stippled bands in Figure 20B. The axis of 
external rotation is the zone axis, a2, of 1, e 
and /i, so that gliding presumably has occurred 
on one of these planes or on some other plane 
of the same zone; and the glide line must be 
perpendicular to a2. 

Internal rotation. In Plate 5B the vertical 
lamellae conspicuous in the little-deformed end 
zones are parallel to ¢;. Many of these are early- 
formed very narrow twin lamellae; and these 
are strongly affected by counterclockwise in- 
ternal] rotation as they pass into the main kink 
band where they assume the status of Li. Above 
the hinge UV (area A of Pl. 5B) the angle be- 
tween the c axis and the pole of L; is 10° to 14° 
instead of 26°; in area B it is only 2° (cf. Fig. 
20A); and in area C the same angle, having 
first diminished to zero, has now increased to 
18°. The maximum angle of internal rotation of 
L, from the initial e, orientation is thus 44°, 
and the pole of L; ultimately is situated be- 
tween c and the pole of 7; (Fig. 20B). Lamellae 
é, are confined to the end zones and show no 
effects of internal rotation. 

Shape of specimen. Cross sections in the zone 
of necking are ellipses, the short diameters of 
which are normal to the zone axis, de, of r; and 
é;. The length of the long diameters, a2, is the 
same as before deformation. 

Mechanism of deformation. Effects of ex- 
ternal and internal rotation and the shape of 
the deformed specimen all point to deforma- 
tion by gliding on some plane in the zone of 
r; and e;. The sense of internal rotation is such 
as to rule out gliding on fi, while ¢ is a plane of 
zero resolved shear stress. Gliding on r; or some 
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adjacent plane in the lattice is indicated, an 
the glide direction must be normal to the edge 
of intersection with {0001} (since this is the 
axis of external rotation). The value of Sp on n 
increases from 0.28 in the initial orientation to 
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could it give internal rotation of e through 
more than 26°. It is concluded that the doni- 
nant mechanism is gliding on 7. 

Complex structures. This general system of 
deformation does not apply to a series of sig- 








Ficure 20.—Compiex Structures IN S BAND, SPECIMEN 412; EXTENSION PARALLEL TO [72:13] 

Sketches are simplified. Marginal projections are accurate. 

A. Sketch illustrating structure in area B, Plate 5B. Blank areas are crystallographically continuous 
with the main kink band (light area in Pl. 5C). Stippled areas are branching deformation bands belongi 
to the S band. In projection, solid circles = lattice of main kink band; open circles = lattice of (stippled 
deformation bands. External rotation in kink band is shown by full arrow ¢ c; internal rotation is shown by 
dashed arrow ¢ Ly. 

B. Sketch illustrating structure in area E, Plate 5B. Left-hand half and right-hand margin represent 
main kink band; intervening zone, marked by discontinuous vertical undulating L; lamellae, is the S band. 
Stippled zones are secondary deformation bands. In projection, solid circles = lattice of main kink band; 
open circles = lattice of S band; circled points = lattice of secondary deformation bands (shown stippled) 
within S band; crosses (left-hand margin) give initial lattice as measured in undeformed ends. At left, inner 
arrow cc shows external rotation of main kink band; outer arrow c’c’ shows external rotation of S band. 





L,’ represents lamellae that formed later than L; and so have been less rotated. 


the maximum value of 0.5 after external rota- 
tion of the lattice through 26°, and is still 0.43 
even where external rotation reaches 40°. This 
would account for localization of deformation— 
i.e., for the marked necking shown by the 
specimen. Gliding on {0001} at right angles to 
a, could also give internal rotation in the ob- 
served sense. For this glide system, So is 0.39 
in the initial stage; but the value of So drops to 
0.26 after 10° of external rotation and reaches 
zero at 26° of external rotation. The same ob- 
jection holds for gliding on {0001} parallel to 
a or a3 (So initially 0.35). Gliding on {0001}, 
therefore, cannot account for the observed ex- 
ternal rotation of 40° in the necked zone, nor 


moidal streaks—the dark bands parallel to.SS 
in Plate 5B and 5C—enclosed within the main 
kink band. These are complex deformation 
bands, which fray out marginally into deli- 
cately branching lensoid streaks and filaments 
0.05-0.2 mm. wide. They differ sharply from 
the surrounding material of the kink band, 
both as regards present orientation of the lat- 
tice and mode of internal deformation. For 
descriptive purposes we shall call them S$ 
bands. Their mode of evolution will be dis- 
cussed by comparing areas D, F, B, and E of 
Plate 5B: 

(1) In area D, external rotation is inap- 
preciable in the root region of the S band, and 
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CALCITE CRYSTALS COMPRESSED PERPENDICULAR TO n 
Section perpendicular to zone axis of rm: and e; and perpendicular to deformation plane. 


Section parallel to zone axis of rm: and e: and perpendicular to rn. 


Broken arrow (below) shows plunge of c axis at 45° to plane of section. 








Specimen 393. 


A. 


It is parallel to the deformation plane. 


Specimen 441. 


B. 


PL. 6 
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CALCITE CRYSTALS COMPRESSED AT 30° 
TO ¢ AXIS AND 75° TO n 

Specimen 431. Section parallel to zone axis of m and e and to the 
deformation plane. Broken arrow indicates plunge of c axis at 30° to 
plane of section. 
Specimen 434. Longitudinal section inclined at 25° to ¢ axis, the plunge 
of which is shown by broken arrow (lower left). 
Specimen 433. Longitudinal section oriented as in Plate 8B. 
Specimen 432. Longitudinal section oriented as in Plate 8B and C, but 
viewed from opposite direction. 
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internal deformation takes the form of in- 
cipient twinning on e;—even though this is a 
plane for which So is zero. In area F, external 
rotation is still negligible, but the S band is 
approximately half-twinned on ¢. 

(2) In area B, the S band frays into branch- 
ing filaments (shown stippled in Fig. 20A) 
intricately penetrating the material of the en- 
closing kink band. Again there is little if any 
external rotation of the lattice within the S 
band and its apophyses; but there has been 
some internal gliding on 7, for early e lamellae 


’ have been internally rotated counterclockwise 


through 15° to L; (as compared with 26° similar 


' rotation in adjacent material of the kink band). 





> Later twinning on ¢; is distinct. 


(3) A more complex condition, typical of the 
S bands throughout much of their extent, is 
exhibited by area E (Fig. 20B). The lattice of 
the surrounding kink band (marginal zones of 
Fig. 20B) shows the maximum effects of gliding 
on 7, and has been externally rotated clockwise 


_ through 38°. The lattice of the S band is com- 
_ pletely twinned on 4, so that its c axis, desig- 


nated c’ to show its twinned condition, is 
clockwise from the pole of ¢:, instead of counter- 
clockwise as in the initial lattice and in that of 
the kink band. Moreover c’ and e of the S band 


| are now 30° counterclockwise from correspond- 


_ ing directions in the initial lattice as preserved 


in the end zones. This situation may be inter- 


| preted in either of two ways: (1) The S band as 





a whole has been externally rotated counter- 
clockwise through 30° with reference to outside 
co-ordinates such as the axis of extension. (2) 
There has been counterclockwise internal rota- 


| tion of the S band through 68° with reference 


to co-ordinates in the lattice of the enclosing 
kink band (e.g., the ¢ axis of the kink band). 
This is in accord with the clockwise sense of 
gliding on r; in the kink band. However, some- 
thing more than passive rotation of the S band 
has certainly occurred. Not only has it become 
internally deformed by complete twinning on 
¢, but the surviving ¢, lamellae have then been 
internally rotated clockwise (within the S 
band) to an L, orientation which happens to 
coincide almost exactly with L; of the adjacent 
kink band. We attribute this effect to gliding 
on 7; in the S band. The plane 7 in the com- 
pletely twinned lattice of the S band is so 
oriented that So is 0.48 and the sense of gliding 
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is clockwise. A minor feature confirming gliding 
on 7, is the presence, within the S band, of 
narrow zones of undulatory extinction trending 
transversely to r; (stippled bands in central 
area of Fig. 20B). These are secondary de- 
formation bands, the lattice of which has been 
externally rotated through only 10°-20° instead 
of 30°. 

We interpret the S bands of specimen 412 as 
steeply diagonal deformation bands initially 
inclined to the active glide plane 7, at about 
90°. At first deformation was confined, or almost 
so, to material outside the S bands. As the 
latter became internally rotated counterclock- 
wise within the kink band, the orientation of the 
S band lattice became favorable for twin glid- 
ing on ¢. Deformation now consisted of gliding 
on 7, in the kink band and twinning on ¢ in the 
S bands. Finally, in the highly deformed necked 
zone, é; twinning in the S band reached comple- 
tion, and gliding on 7 of the twinned lattice 
now ensued. The relative positions of r; in the 
kink band and in the S band, and the sense of 
gliding on each in the last stages of deforma- 
tion, are indicated at the right-hand margin of 
Figure 20B. 

The S bands are externally visible as stria- 
tions on the surface of the deformed cylinder 
(Pl. 5A). Their general trend is roughly parallel 
to f; of the initial lattice; judged from external 
appearances only, they might easily be mis- 
identified as “slip lines” indicating gliding on /,. 

COMPRESSION PERPENDICULAR TO {1011} = 
r1, AT 20°C: Shear-stress data are as follows: 


Glide system i re a 2 fi fe 
_—_sA 
[fezri]  Lfazrs] 

So 0 2 .31 0 23 0 47 

Sense > > _ 


Experiments: 393, shortening 9%, 20°C, 
5000 atmospheres (Pl. 6A); 44/7, shorten- 
ing 10%, 20°C, 5000 atmospheres (Pl. 6B). 

External rotation. In 441, the central portion 

of the specimen (between UV and WX, PI. 6B) 
is a broad kink band within which the lattice 
has been externally rotated counterclockwise 
through 12°. This angle is too small to allow 
precise determination of the axis of external 
rotation, which, however, may be located ap- 
proximately by graphic construction as within 
10° of E in Figure 21A. 

Internal rotation. In the kink band of 441 and 

also in the central portion of 393 there are 
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widely spaced, dark, continuous lamellae desig- 
nated Le (Pl. 6A, B) which are interpreted as 
internally rotated es. The pole of Leg is 10°-14° 
from the pole of es and, as nearly as can be 
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axis of external rotation for a system of gliding 
on f2 parallel to [/2:73], and the trend of the kink 
band in specimen 441 is transverse to the trend 
of fe. No other simple glide system agrees with 





(located with possible error of about 10°). 


B. Specimen 415. Equal-area projection on plane of Plate 7B, which is markedly oblique to deformetiinl 
plane. For comparison with Figure 21A, the projection has been rotated about its center through 180° 
from orientation of Plate 7B. Circled crosses represent lattice of least-deformed part of end sectors (C of! 
Pl. 7B). Solid circles represent lattice in deformed area (A of Pl. 7B) above kink band; triangles represent | 
lattice in kink band. Upper broken art is {0001} of area C; upper full arc is {0001} ‘of area A. E is axis | 
of external rotation of kink band in relation to area C. E’ is axis of external rotation of area A in relation 
to area C. Arrows connecting ¢ poles indicate external rotations. Arrows e: > Ls and e; — Le indicate in- 


ternal rotations. 


determined, lies on the arc é3 f. (Fig. 21A). The 
sense of internal rotation is clockwise. In the 
end sectors of specimen 441 (e.g., area A, PI. 
6B) lamellae es are normal; but here early- 
formed ¢: lamellae have been internally rotated 
counterclockwise toward fs (L¢’ in Fig. 21A). 

Shape of specimens. The deformation plane in 
both specimens is inclined at 45° to the longi- 
tudinal plane containing the ¢ axis. It is normal 
to the section shown in Plate 6A and parallel 
to that of Plate 6B. 

Mechanism of deformation. The glide system 
involved in deformation can be deduced from 
three independent lines of evidence. 

(1) In Figure 21A the axis of observed ex- 
ternal rotation, E, is close to P, the theoretical 


of specimen 441. Moreover the observed angle 
of external rotation (12°) agrees reasonably well 
with that calculated on the assumption that 
the shortening in the kink band is 15 per cent 
and that gliding has taken place on fs. Substi- 


5h : : 
tuting 7. = 0.85 and x = 39°, in the equation 
Li _ COS Xi 
Lo cos xo’ 


x1 is 49°, and the angle of external rotation 
(xi — Xo) = 

(2) The arc es Le passes through or close to 
the pole of f2 and is not far from the pole of & 
Gliding on ¢ is excluded, however, since 5S) 
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FiGURE 21.—ROTATION AND GLIDING IN SPECIMENS 441 AND 415; COMPRESSION PERPENDICULAR TO r! 
A. Specimen 441. Equal-area projection on plane of Plate 6B (approximately the deformation plane). 
Circled points represent initial lattice; solid circles represent externally rotated lattice of kink band. Nearly 
straight diagonal arc is glide plane f2 in kink band. P and P’ are theoretical axes of external rotation for 
gliding parallel to [f2:75] and perpendicular to [fo:c] respectively. Observed axis of external rotation is E 
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for this plane is zero. On the other hand gliding 
on fe would induce internal rotation in the 
clockwise sense actually observed for e; — Le. 
Of all simple rhombohedral planes r, e, and f, 
only f2 could function as a glide plane con- 
sistently with the data of internal rotation. Of 
the two possible glide lines in fe, [f2:r:] is ex- 
cluded since So for this direction is zero. For 
internal rotation of es by gliding on /2 parallel 
to [fe:7s], 8 = fo Nes = 78°; y = 74°;x = 
39°; and So = 0.47. Assuming 15 per cent 
shortening within the kink band, s is 0.3. 
Substituting in the equation cot a = cot B + 
ssin y, a is 6314°, and the angle of internal 
rotation = 1414°. This agrees well with the 
observed angle, 10°-14°. 

(3) The elliptical cross section of specimen 
393 is consistent with gliding on fe in the direc- 
tion [fo:73]. The plane f2 is approximately per- 
pendicular, and the edge [/2:73] approximately 
parallel to the deformation plane. 

All three lines of evidence point to gliding on 
f, as the principal mechanism of deformation. 
External rotation in the kink band of specimen 
441 indicates [2:73] as the glide direction in fo. 
This is also a direction for which Sp approaches 
the maximum possible value, and moreover it 
lies in the deformation plane of both specimens. 


| The case for gliding in fe parallel to [2:73] is 


very strong. The glide line [2:73] is the same as 
the normal to the edge [rs:c] in the plane 73; 
and this we have already deduced as the func- 
tioning direction for gliding on r3 in other ex- 
periments. 

Twinning. Many ¢é2 lamellae are narrow twin 
bands within which internal rotation of inter- 
secting Le structures is obvious—thus empha- 
sizing the late origin of the e. twins. Although 
@ is initially a plane of zero resolved shear 
stress, external rotation of the lattice simul- 
taneously with gliding on fs raises the value of 
So for e, in the kink band of 441; and the sense 
(positive) of shear is then favorable to twin 
gliding on és. 

Minor effects. The most obvious lamellar 
structures of Plate 6A and B are e and Le 
(rotated e;) lamellae. Some late-formed sharp 
@ partings of normal orientation also are 
present. Lamellae e are represented only as 
short, sharp partings in the section shown in 
Plate 6A. In the ends of the specimens are 
dark, regular, long partings parallel to 7, some 
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of which are just thick enough to be identified 
optically as r; twin lamellae. 

COMPRESSION PERPENDICULAR TO {1011} = 
1m, AT 300°C Resolved shear stress coefficients are 
as in the previous cases. 

Experiment: 415, shortening 20%, 300°C, 

5000 atmospheres (Pl. 7A, B). 

Rotational effects in kink band. A very con- 
spicuous diagonal kink band (between UV and 
WX< of Pl. 7B) traverses the central part of the 
section. Here the lattice has been externally 
rotated clockwise through 30°-40° about the 
zone axis of re, é, and fe (E in Fig. 21B). 
Striping at either end of the kink band is due 
to minor deformation bands within which ex- 
ternal rotation of the lattice is much less. Al- 
though the kink band is crowded with non- 
twinned ¢; lamellae, these show only slight 
internal rotation and are therefore presumed to 
have originated late. The sense of external 
rotation is incompatible with gliding on e or 
fo. The most probable glide plane is thus 12; 
and the trend of the kink band is transverse 
to this. There is nothing to exclude gliding on 
{0001} at right angles to E (So = 0.2). 

Rotational effects in end sectors. In the end 
sector above the hinge UV, local variation in 
the position of the c axis points to variable ex- 
ternal rotation in different parts of the end 
zone. Locally, deformation bands with a trend 
roughly parallel to the trace of e; may be 
recognized. In the least-deformed areas (e.g., 
near C in Pl. 7B) early-formed e lamellae have 
been internally rotated counterclockwise 
through 7°-10° along the arc & f; to an Le 
orientation. Gliding on f; is indicated. In more 
strongly deformed regions such as A, immedi- 
ately above UV, e; has been internally rotated 
clockwise through 20° along the arc ¢3 f2 to 
another Lg orientation. Here gliding on fe is 
indicated. As a result of this complex deforma- 
tion the lattice of area A is externally rotated 
counterclockwise through 18° with reference to 
the lattice of area C, the axis of rotation being 
E’ in Figure 21B. 

In the end sector below WX the curved trend 
of e3 is essentially due to progressive clockwise 
external rotation of the lattice. In the immedi- 
ate neighborhood of the hinge WX (area B) e& 
and ¢é; lamellae have been internally rotated in 
opposite senses so that they intersect at 30° 
instead of 45°. This part of the crystal is too 
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highly strained, and lamellae are too closely 
packed for accurate measurements. However, 
the recorded data are too complex to be ex- 
plained by gliding on r2 or 7s alone, but are 
consistent with simultaneous gliding on fe 
and on /3. 

Twinning. In the end below WX lamellar 
twinning on é is conspicuous. Indeed there are 
areas where é; twinning is more than one-third 
complete. Deflection of es lamellae to Ls orienta- 
tion within broad e¢ twin lamellae shows that 
the twins are the result of gliding on e in the 
normal positive sense, and are of relatively late 
origin. They occur mainly in areas where there 
has been little external rotation of the lattice, 
and the value of So for e: is zero. 

Mechanism of deformation. The main process 
is gliding on r2 within a diagonal kink band. As 
deformation and accompanying external rota- 
tion progress, the value of So on 72 rises from 
0.20 to 0.38. A supplemental mechanism in the 
end sectors combines localized gliding on /e 
or fs near the hinges of the kink band with 
twin gliding on é: in the least deformed areas. 

Minor effects. In the kink band nontwinned 
es lamellae of late origin are exceedingly plenti- 
ful. They are accompanied by widely-spaced 
dark partings parallel to r, and to 73. In the end 
zones é2 lamellae, in some places twinned, pre- 
dominate; but ¢; lamellae are also present and 
become increasingly plentiful toward the mar- 
gins of the kink band. 

COMPRESSION AT 30° TO ¢ AXIS AND AT 715° TO 


{1011} = 7, 20°C Shear-stress data are as 

follows: 

Glide system 1 re a e2 nh he Es 
[fezri]  [fazrs] 

Se . oe a oe a ae 

Sense -—=- = + = — “_ 


Experiment: 431, shortening 7%, 20°C, 5000 

atmospheres (Pl. 8A). 

External rotation. Neither kink bands nor 
clear-cut deformation bands are present. How- 
ever, extinction is not uniform, and differences 
of a few degrees in position of the c axis may be 
detected in various vaguely bounded sectors. 
No regular system of external rotation can be 
recognized. 

Internal rotation. All the many nontwinned 
€2, €3, and 7; lamellae visible in Plate 8A are 
normally related to the lattice. However, there 
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are local areas (E in Pl. 8A) within which short 
slightly undulating lamellae(L, in Fig. 22A) may 
be identified as f, structures that have been 
internally 


rotated counterclockwise through | 
8°-12°. The pole of L, is now 51°-55° from ¢ } 
instead of 63°. The arc L, fe is hard to locate | 





precisely in the absence of unrotated directly | 
measurable f, lamellae, but, as plotted in Figure | 
22A, it is not far from both fe é2 r2 and fy 7; fy | 


Of the various planes on these arcs, either r2 or 
fs could function as glide plane to give the ob- 
served sense of internal rotation of fe. For 


gliding on fs, the most likely glide line is | 


(fs:r2], for which So is 0.48. 
Shape of specimen. The specimen is elliptical 


in section, with the long diameter of the section | 


parallel to the zone axis, de, of 7; and e (the 
horizontal in Pl. 8A). 

Mechanism of deformation. Gliding on either 
r2 or fs or both is indicated by the rather meager 
evidence of internal rotation of f2. Assuming 
uniform shortening of 7 per cent, the angle of 
internal rotation is computed from the equa- 
tion cot a — cot 8 = s sin y alternatively as 
744° for gliding on f; parallel to [f3:r2], or 9° 
for gliding on 72. The shape of the specimen 
strongly favors fs parallel to [fg:72]. 

Minor effects. Specimen 431, 
room temperature, shows a much greater de- 
velopment of lamellar structures than is 
present in material deformed at higher tempera- 
tures. Most conspicuous are dark 72 and 7; 
lamellae (WX and YZ in Pl. 8A), which under 


EE —— 


AERC 


deformed at | 


ee 


high magnification are seen to be narrow bands | 


packed with short transverse nontwinned e and 
es lamellae, respectively (Fig. 23C). A much 
broader zone of é2 lamellae, trending parallel to 
re, extends between U and V of Plate 8A. In 
addition there are local dark partings parallel 
to m1, 72, and r; and widely spaced continuous 
nontwinned ¢ lamellae (not visible in photo- 
graph owing to their oblique inclination to the 
plane of the section). A unique feature is the 
local presence of very sharply defined long 
lamellae parallel to m. 

COMPRESSION AT 30° TO c AXIS AND AT 75° TO 
{1011} = 7, 150°-400°C: Resolved shear stress 
coefficients are as in the previous case. 

Experiments: 433, shortening 10%, 150°C, 

5000 atmospheres (Pl. 8C); 432, shorten- 
ing 10%, 300°C, 5000 atmospheres (PI 
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FicurE 22.—ROTATION AND GLIDING IN SPECIMENS 431, 433, AND 432; 
CoMPRESSION AT 30° To ¢ Axis AND 75° TO 1 
A. Specimen 431. Equal-area projection on plane parallel to Plate 8A (approximately the deformation 
plane). Arrows at lower left indicate sense of internal rotation of f2 to Lx, and theoretical senses of internal 
rotation of f2 assuming gliding on r2 and /;. 


B. Specimen 433. Equal-area projection on plane parallel to Plate 8C. Circled points represent initial 
lattice preserved in end sectors; crosses represent lattice in kink band. Arrows in upper part of diagram 
indicate external rotation about axis E. 

C. Specimen 432. Sketch and equal-area projection of lamellae in area G of Plate 8D. Stippled area is 
deformed material within kink band; clear area is relatively undeformed material outside kink band. In 
the kink band early e: lamellae have been internally rotated to Li; early e; lamellae have been rotated in 
same sense to L;. Circled points represent lattice of kink band; crosses are poles of planes in undeformed 





lattice; gl is glide line [r2:f3] in glide plane ro. 


8D); 434, 435, shortening 10%, 400°C, 
3000 atmospheres (Pl. 8B). 

External rotation. In each of the four speci- 
mens there is a broad simple diagonal kink band 
(between UV and WX, PI. 8B, C, D), within 
which the lattice has been externally rotated 
clockwise through 22°-27°. Results of external 


rotation are shown in projection in Figure 22B. 
The axis, E, of rotation is the zone axis, ds, of 
Yo, €2, and f2; within this zone the effective glide 
plane presumably must lie. 

Internal rotation. Almost all the é2, é3, and rz 
lamellae of all four specimens are normally re- 
lated to the lattice. An exception in each speci- 
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men is provided by early-formed e, and e3 
lamellae showing strong internal rotation in the 
regions of sharp bending at the corners of the 
kink bands. A particular instance, area G of 
Plate 8D, is illustrated in projection in Figure 
22C. Here lamellae e, have been rotated 
counterclockwise through 18° to an L; orienta- 
tion on the arc é 72. In the same area e; has 
rotated in the same sense through 10° to L; on 
the arc é3 ro. The sense and direction of internal 
rotation, and the relative magnitude of effects 
upon é: and és, are consistent with gliding on re 
and cannot be explained by any other mecha- 
nism. Gliding normal to a3 on {0001 }—for which 
So decreases from 0.2 to zero—could con- 
ceivably account for rotation of ¢2, but not of es. 

Mechanism of deformation. Cumulative evi- 
dence of kink banding, external rotation, and 
internal rotation overwhelmingly favors gliding 
on rz alone. This conclusion is compatible with 
the following quantitative analysis of the rota- 
tion data. 

(1) Taking 25° as the average angle of ex- 
ternal rotation, and assuming gliding on fe, 


graphic determinations give xo = 26° and 
xu = 48°. 

L 

eee 

Lo cos xo 


The calculated shortening thus is 26 per cent. 
In these specimens over-all shortening of 10 
per cent is concentrated within kink bands ‘that 
average less than half the bulk of each specimen, 
and the measured strain in the kink bands is 
22-24 per cent. 

(2) Taking the above value (1 — ¢) = .74, 
then for gliding on r2 the shear may be com- 
puted as s = .70. 

(a) For internal rotation of @, B = 
y = 90°. 
Substituting these values in the equation 


71° and 


cota = cot B +s sin y, 


a = 44°. 

The computed angle of internal rotation is 

thus 27°. The observed angle is only 18°. 

(b) For internal rotation of ¢, 6 = 38° and 
> = 51°. 

From these data @ is computed as 2814°, and 

the angle of internal rotation as 914°. This 

agrees perfectly with the observed angle, 10°. 
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(3) The respective angles of external rotation 
of the kink band and of internal rotation of ¢ 
agree perfectly with each other and with the 
observed shortening of the specimen. The rela- 
tively low angle of internal rotation of e: may 
be accounted for by assuming that é: lamellae 
developed later than e3, after deformation in the 
kink band was already well advanced. 

Minor effects. In specimens 432-435 most of 
the visible structures are long widely spaced 
nontwinned és, é3, and r2 lamellae. Those parallel 
to é: are prominent in the undeformed ends, 
while e; lamellae are concentrated especially in 
the kink bands of specimens 432 and 433. By 
contrast, the two specimens deformed at 400°C 
(434, 435, Pl. 8B) are almost devoid of % 
lamellae except near the corners of the kink 
band. The close similarity of lamellar patterns 
developed in 432 and 433 is remarkable (PI. 
8C, D). Specimens 434 and 435 likewise are 
structurally identical. 

COMPRESSION PARALLEL TO ¢ AXIS: Shear- 
stress data are as follows: 


Glide system i re 4 e2 fi fe 
[fezri] [fers] 
So 0 0 oO MO 8 2 & 
Sense = = = = = ~< 
Experiments: 162, shortening 4%, 20°C, 


10,000 atmospheres (Pl. 9A); 187, short- 
ening 17%, 20°C, 10,000 atmospheres 
(Pl. 9B); 442, shortening 10%, 20°C, 5000 
atmospheres (PI. 9C) ; 380, shortening 12%, 
300°C, 5000 atmospheres; 38/, shortening 
18%, 300°C, 5000 atmospheres (Pl. 9D). 

External rotation. In 442, there is a broad 
kink band (UVWX, Pl. 9C) within which the 
lattice has been externally rotated counter- 
clockwise through 8° about the zone axis, d», of 
é1, m1, and fi. Of these planes only 7 is so 
oriented with reference to the axis of compres- 
sion that gliding upon it could induce clockwise 
internal rotation. 

In all other specimens irregular deformation 
bands, 1 mm or less in width, are obvious be- 
tween crossed nicols by reason of variations of 
10°-15° in position of the c axis. They trend 
roughly parallel to the c axis in material de- 
formed at 300°C; but in specimens deformed at 
room temperature they are more or less parallel 
to r or less commonly to f. The axis and sense 
of external rotation by which adjoining de- 
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CALCITE CRYSTALS COMPRESSED PARALLEL TO e¢ AXIS 
A. Specimen 162. Section perpendicular to zone axis of m and ¢1. 
B. Specimen 187. Section parallel to zone axis of rs and es. 

C. Specimen 442. Section perpendicular to zone axis of m and e. 
D. Specimen 381. Section perpendicular to zone axis of m and ¢. 
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CALCITE CRYSTALS COMPRESSED PERPENDICULAR TO ¢ as foll 
Specimen 391. Section perpendicular to zone axis of rm and e and parallel to deformation (a) ] 
plane. Angle c c’ at left shows external rotation of lattice (c’) in deformation band XY. It 
Specimen 383. Section Parallel to zone axis of m: and e:, and perpendicular to ¢:. It is perpen- — 
dicular to deformation plane. Arrow shows plunge of ¢ axis at 26° to plane of section. é; lame 
Specimen 387. Section parallel to zone axis of r; and e: and perpendicular to e:. It is parallel 


to deformation plane. Arrow shows plunge of c axis at 26° to plane of section. 
Specimen 382. Crystallographic orientation and deformation plane same as in Plate 10C. (b) 
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formation bands may be related are difficult to 
determine. In some cases, however, they are 
compatible with deformation involving gliding 
on one or more ¢ planes. 

Internal rotation. Almost all e, r, and / 


' lamellae in every specimen are rationally re- 


= 


2 


Air 


Roveny 


Lil 





lated to each other and to the c¢ axis of the 
particular sector in which each occurs. An ex- 
ception is an association of e, and L;, lamellae 
intersecting at an angle of 8° near the corner of 
specimen 381 (area X of Pl. 9D). The L; lamel- 
lae are interpreted as early-formed e structures 
rotated internally during gliding on 1. 

Shape of specimens. In several specimens 
(e.g., 162) the cross section of the cylinder after 
deformation is still circular. This strongly sug- 
gests gliding on several planes symmetrically 
situated with reference to c. 

Mechanism of deformation. Gliding on 7 has 
been demonstrated as a probable mechanism of 
deformation in 442 and locally in 381. The same 
mechanism would account for much of the 
vaguely defined deformation banding in 381 and 
some other specimens. Gliding on at least two 
and probably on all three r planes would ac- 
count for the observed tendency for most speci- 
ments to retain their circular cross section. 
While there is no direct evidence of gliding on 
e or f planes, such mechanisms of deformation 
have not been disproved except in 442. Gliding 
on {0001} and prism planes is excluded by zero 


| value of So. 


Minor effects. Lamellar structures, though 


+ conspicuous in all sections, are classed as minor 


= 





effects because their rational angular and zonal 
relationships indicate that they have originated 
after plastic deformation had ceased. There is a 
tendency for lamellae of one particular type to 
occur as swarms limited to narrow bands (in 
some cases deformation bands) sharply bounded 
by “discontinuity layers’’. Specific instances are 
as follows (Fig. 23): 

(a) Bands trending parallel to 7; (Fig. 23A) 
alternately are packed with (1) closely spaced 
e; lamellae and (2) ¢3 lamellae accompanied by 
cracks approximating /; or qu. 

(b) Bands trend parallel to ro. Alternate 
bands contain (1) closely packed e and e, 
lamellae, (2) widely spaced {1120} cracks only 
(Fig. 23B). 

(c) Bands trending parallel to rs alternately 
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contain (1) closely packed and (2) widely spaced 
é; lamellae (Fig. 23C). 

(d) Deformation bands approximately paral- 
lel to fi (Fig. 23D) are of three kinds: (1) 
packed with closely spaced e; lamellae crossed 
by a few sharp fs partings; (2) crossed by sec- 
ondary r2 bands which are alternately crowded 
with ¢, or és lamellae or contain only {1120} 
cracks; (3) crossed by secondary r2 bands alter- 
nately crowded with e; lamellae or devoid of 
visible lamellar structure. 

(e) Lensoid deformation bands trending 
parallel to 7, alternately contain (1) closely 
spaced ¢; lamellae, (2) widely spaced e; lamellae. 
In addition local /, lamellae and a few long e; 
lamellae are common to both types of band 
(Fig. 23E). 

(f) Deformation bands roughly parallel to the 
c axis are alternately crowded with e or e& 
or és lamellae (Fig. 23F). 

Specimens deformed at 20°C differ con- 
sistently in several respects from specimens 
deformed at 300°C. Low-temperature specimens 
are banded in the manner just described parallel 
to {1011} or rarely {0221}, while high-tempera- 
ture specimens are banded roughly parallel to 
the c axis. Lamellae {0221} are rather wide- 
spread in the former, but typically absent from 
the latter. Cracks approximating {1120} and 
{0332} were observed in low-temperature 
material only. Dark continuous fractures 
parallel to {1011} are much more conspicuous 
in the high-temperature specimens. 

COMPRESSION PERPENDICULAR TO {0112} = 
€:, 20°C: Shear-stress data are as follows: 


Glide system ni re 41 2 fi te x 
[fezri] Lfezra] 

So 2 . © 43 .37 -21 ll 

Sense a = =~ — _ 


Experiments: 391, shortening 5.5%, 20°C, 
5000 atmospheres (Pl. 10A); 383, shorten- 
ing 6%, 20°C, 5000 atmospheres (Pl. 10B). 

External rotation. Longitudinal sections (PI. 

10A, B) show a number of broad vaguely 
bounded deformation bands differing mutually 
as regards extinction. In Plate 10B the banding 
is horizontal—+.e., parallel to the zone axis of 
ri, 1, and f;; in Plate 10A it has a diagonal trend 
XY approximating the trace of /, on the same 
section. The orientation of deformation band- 
ing thus is fixed as subparallel to /\—i.e., ap- 
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proximately transverse to 7. Within the bands 
the lattice has been externally rotated 5°-10° 
about the zone axis, 2, of ri, e:, and /;, the sense 
of rotation being counterclockwise in Plate 10A. 
Altogether about 25 per cent of the total area of 
Plate 10A has been so affected. 

Internal rotation. Where external rotation has 
been most effective the effects of internal rota- 
tion likewise are most conspicuous. As an 


' example we describe the structure in area B of 


Plate 10A, which is also shown diagrammati- 


cally in Figure 24B. The area figured is part of 
' the broad f; deformation band which extends 
' from X to Y across the full width of the speci- 
_ men. Within it are many subsidiary 7; bands 


0.03 mm wide in which short nontwinned ¢ 
lamellae alternately are (1) numerous and 
closely packed or (2) few and widely spaced. 
These show normal angular and zonal relations 
to the c axis and to r; cleavages. There are also 
continuous slightly undulating rather dark 
lamellae L; and Ls which have anomalous rela- 
tions to the c axis. They are not far from e and 
fi, respectively, and they intersect each other at 
angles which are close to the appropriate e to f 
angle of 36°; but the poles of Li and Ls are re- 
spectively 17° and 53° from the c axis instead 
of 26° and 63°. We conclude that L; formed as 
4, and Las fi, at an early stage of deformation, 
and that both have been internally rotated 
clockwise with reference to c of the broad fi 
band in which they now lie. In Figure 24E, the 
c axis and the poles of n, &, fi, Li, and Ls as 
measured in various parts of the section (PI. 
10A) have been plotted with reference to ex- 
ternal co-ordinates (e.g., the direction of ap- 
plied stress, indicated by arrows). The counter- 
clockwise spread of c, 7, and e, through arcs of 
15° indicates the sense and extent of external 
rotation of various sectors of the specimen, and 
points to late origin of both 7; and e¢; structures 
(including the closely spaced ¢ lamellae de- 
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veloped within 7, bands). Spread of lamella 
Li, Ls, and fi is much less marked—approxi- 
mately 7°. They are early-formed structures 
which have subsequently been internally ro- 
tated clockwise through the enclosing calcite 
lattice so as to reduce the angles between their 
respective poles and the c¢ axis to values of 
14°-23° for L; and 50°-59° for Ls. 

Reduction of angles is most marked for those 
sectors in which the c axis shows strongest ef- 
fects of external rotation in the opposite sense. 
The fact that L; and Ls have undergone two 
rotations of opposite sense accounts for the rel- 
atively slight spread of their poles compared 
with that of poles 7; and e, which register only 
the effect of external rotation of the sectors in 
which they occur. In Figure 24F the same data, 
appropriately rotated, are plotted with refer- 
ence to a common internal direction, namely, c. 
This shows the extent of internal rotation of Li 
and Lg from ¢ and fi, respectively, through 
angles ranging up to 12° or 13°. Spread of 
and ¢ in the same diagram reflects errors in 
measurement of these faces and of c. 

Shape of specimens. The cross section of each 
specimen is an ellipse whose long axis is per- 
pendicular to the axis of internal and external 
rotation. Plate 10A is parallel to the long axis, 
and Plate 10B is parallel to the short axis of the 
elliptical cross section. 

Twinning. In both specimens there is con- 
spicuous lamellar twinning on @, which tends 
to be localized in horizontal bands near either 
end of the cylinder—notably AA’ and DD’ in 
Plate 10A. Local clockwise displacement of the 
initially vertical edge of the section at A and at 
D in Plate 10A reflects the sense and degree of 
internal rotation of lines of particles in zones 
where twinning on ¢ has proceeded more than 
half way to completion. Individual twin lamel- 
lae may continue across the full width of the 
section, or they may thicken or pinch out 
(Fig. 24A). 





FicurE 23.—SKETCHES ILLUSTRATING DEVELOPMENT OF LAMELLAE IN SPECIMENS 187, 162, AND 381; 
COMPRESSION PARALLEL TO ¢ AXIS 
Where several sets of lamellae are shown they need not necessarily be simultaneously visible for one po- 
sition of tilting on the universal stage. Diameters 0.6 to 1 mm. 


A. Specimen 187 (PI. 9B, area A). 
B. Specimen 187 (Pl. 9B, area B). 
C. Specimen 187 (Pl. 9B, area C). 
D. Specimen 187 (PI. 9B, area D). 
E. Specimen 162 (Pl. 9A, area D). 
F. Specimen 381 (Pl. 9D, area A). 
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Mechanism of deformation. The shape of the 
specimen and the crystallographic orientation 
of the common axes of external and internal 
rotation point to gliding in some plane of the 
zone 7, é1, fi. The sense of rotation and the very 
fact that f, itself is internally rotated rule out 
f; and adjacent planes, but strongly favor r; 
(or some plane between 7; and ¢) as glide plane. 
Moreover, there is pronounced deformation 
banding transverse to r; and subparallel to /,. 
While all available data indicate r; as the func- 
tioning glide plane, the value of So initially is 
higher for r. and rz; than it is for 7. A sub- 
ordinate but perhaps essential role seems to 
have been played by ¢. This is a plane for which 
So is zero; yet substantial twin gliding on e 
has certainly occurred. While no satisfactory 
explanation is apparent, we suggest that de- 
formation has probably been achieved by 
gliding in a compound system with 7 as the 
major and e¢ the subordinate member. The 
glide direction in each is normal to the common 
edge; the sense of shear is negative in 7, positive 
in ¢, (Fig. 24F). Gliding on {0001} in a direction 
normal to [r;:c] is another possible mechanism 
compatible with observed rotational effects. For 
this glide system So is initially 0.38 but de- 
creases, with external rotation of the lattice, to 
0.26. For gliding on {0001} parallel to a, or az, 
So is 0.34; but both these directions are inclined 
to the axis of external rotation at 60°, instead 
of 90° as theoretically required. 

Minor effects include: dark, widely spaced 
partings parallel to 7m, r2, and r3; narrow n 
bands (Fig. 24B) bounded sharply by ‘“‘discon- 
tinuity layers’’; a single thin 7; twin lamella at 
the edge of the section (area D, Pl. 10A); non- 
twinned and twinned e lamellae, much rarer 
nontwinned ¢: lamellae; numerous sharp fi 
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lamellae (never /2 or fs), a few of which can be 
identified as very thin twins.* Some of the long 
é, lamellae and many /; structures must have 
formed early since they have been internally 
rotated to L; and Ls orientations. In one in- 
stance (Fig. 24C) an early /; lamella is cut by a 
later broad e, twin band within which it has 
been internally rotated through 11° to an L; 
orientation coinciding with {0001} of the twin- 
ned lattice. Among the latest structures to form 
are lamellae parallel to f; within an e twin 
lamella. This, like /; of the initial lattice, has a 
high value for So and negative sense of shear. 

COMPRESSION PERPENDICULAR TO {0112} = 
é:, 300°C: Resolved shear stress coefficients and 
sense of shear for rhombohedral planes are the 
same as in the preceding case. 

Experiments: 387, shortening 7%, 300°C, 
5000 atmospheres (Pl. 10C); 382, shorten- 
ening 13%, 300°C, 5000 atmospheres 
(Pl. 10D). 

External rotation. The specimens are much 
more homogeneous in structure than are those 
deformed at room temperature. Both show re- 
markably regular banding parallel to r2 through- 
out their central portions. Individual bands are 
0.1-0.3 mm wide and differ in extinction by 
about 3°. It is impossible, however, to deter- 
mine the sense and axis of the external rota- 
tion so indicated. 

Internal rotation. Relations of visible lamellae 
in adjacent r2 bands of area D (Plate 10C) are 
illustrated (Fig. 24D). Individual bands, about 
0.2 mm wide, are alternately of two types, a 
and 6, differing in extinction by 3°. Bands a 





6 These are very localized and are confined to 
areas where ¢, twinning is conspicuous and where 
the stress system, therefore, may be locally com- 
plex. The sense of twin gliding on /; consequently is 
uncertain. 





FiGurRE 24.—SKETCHES AND PROJECTIONS ILLUSTRATING DEVELOPMENT OF LAMELLAE IN SPECIMENS 391 
AND 387; COMPRESSION PERPENDICULAR TO ¢; 

Diameters about 1 mm. 

A. Specimen 391 (PI. 10A, area C). Stippled areas are twinned on ¢:. 

B. Specimen 391 (Pl. 10A, area B). Shows internal rotation of e; to L; and of f; to Ls. Arrows at top 
left give sense of gliding on 1. 

C. Specimen 391. Internal rotation of /, of initial lattice to L; = {0001} of lattice twinned on e. Note 
secondary /;’ lamellae in upper twin band. 

D. Specimen 387 (Pl. 10C, area D). Bands a and b differ slightly in lattice orientation. Note internal 
rotation of ¢, lamellae to L7 in bands b. 

E. Specimen 391. Equal-area projection on plane parallel to Plate 10A (= deformation plane). Shows 
range of orientation of ¢ and of visible lamellae in various parts of section. 

F. Specimen 391. Equal-area projection showing the data of Figure 24E rotated to a common crystal- 
lographic orientation. Curved arrow at center shows sense of internal rotation accompanying gliding on 7. 
Sense of subsidiary twin gliding on ¢ is also indicated. 
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have closely packed nontwinned lamellae ¢ 
and widely spaced obvious cleavages r3, nor- 
mally related both to each other and to the c 
axis within limits of error of measurements. 
Bands 6 contain few ¢ lamellae or rs cleavages, 
but on tilting to an appropriate angle may be 
found to contain widely spaced e, lamellae 
which stop short at boundaries (“discontinuity 
layers”) of adjacent bands a. Again angular 
and zonal relations are normal. However, there 
are also nontwinned e¢, lamellae which pass 
continuously across the full width of the speci- 
men, and these are uniformly deflected clock- 
wise through about 6° where they cross bands 
b; and even in bands a they may be inclined at 
1°-2° to the short close-packed ¢ lamellae of 
these bands. We interpret deflection as due to 
clockwise internal rotation of early-formed e 
to an L; orientation within bands b. The sense of 
rotation agrees with that which would accom- 
pany translation on rz under existing stress 
conditions. The respective poles of e and its 
rotated equivalent are too close to allow ac- 
curate determination of the axis of rotation, 
but at least there is no noticeable departure 
from the requirement of translation on rz in a 
direction normal to its intersection with {0001}. 
Precisely similar effects were observed in the 
more strongly deformed specimen, 382, but 
here the angle of internal rotation of e, to L; 
is 10°-11°. 

Shape of specimens. The cross section of the 
deformed cylinders is an ellipse whose long axis 
is normal to the intersection of e with r. and 
r3. The long axis of the cross section is thus the 
horizontal direction (trace of e;) in Plate 10, 
C and D. External striations—presumed to be 
slip lines—correspond to the intersection of re 
with the surface of the cylinder. In specimen 
382 the end of the cylinder is offset in such a 
manner as to indicate gliding in a negative 
sense in a direction which approximates the 
normal to [re:c] in re. 

Mechanism of deformation. Phenomena of 
internal rotation and details of shape and ex- 
ternal striation of specimens indicate deforma- 
tion by gliding on one of the highly stressed 
{1011} planes, r2, in a direction normal to its 
intersection with {0001}. This conclusion is 
confirmed by comparison of the degrees of in- 
ternal rotation of ¢, lamellae in the two speci- 


mens respectively shortened by 7 and 13 per 
cent, as follows: 


a=n/\Q = 38;8B =n AL: 
= 32° in 387, 27° in 382. 


shortening in 382 __ cot 27° — cot 38° 
shortening in 387 cot 32° — cot 38° 











= 18. 


The observed ratio = 1.86. 

Minor effects include r2 banding (Fig. 24D), 
swarms of short nontwinned e, and e lamellae, 
and a few widely spaced r2 and r; partings. De- 
formation bands and lamellae parallel to /, and 
twin lamellae e:, both of which are so conspicu- 
ous in material deformed at room temperature, 
here are completely lacking. 


Conclusions Drawn from Petrographic Data 


In evaluating the petrographic data we have 
taken into account the crystallographic orienta- 
tion of the specimen in relation to the stress 
system, and the values of resolved shear-stress 
coefficients and the sense of shear on the various 
crystallographic planes considered. 

All the petrographic data, and especially 
those relating to internal rotation, can be ex- 
plained on the orthodox assumption that the 
essence of plastic deformation in ionic crystals 
is gliding in one or more glide systems for which 
the applied resolved shear stress exceeds the 
critical value. Each system comprises a glide 
plane afd within it a glide direction, both of 
some simple crystallographic orientation. No 
specific assumptions are made regarding rela- 
tive motion of ions during gliding. Whether 
this involves the generation and migration of 
dislocations along fixed paths in the lattice, or 
some other mechanism, the ultimate result of 
gliding is as if successive thin layers parallel to 
the glide plane were relatively displaced along 
the glide line in a uniform sense. In translation 
gliding each displacement is through an integral 
number of interionic distances, so that the con- 
figuration of the lattice remains unchanged. In 
twin gliding each layer has moved through a 
constant appropriate fraction of an interatomic 
distance so that the deformed lattice is twinned 
in relation to the initial lattice. At the same time 
some ionic groups must rotate through a fixed 
angle; e.g., in twin gliding on {0112} in calcite 
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Figure 25.—Catcite Lattice (Diagrammatic) 

Section normal to the zone axis, a2, of r; and ¢. 
Large solid circles = Ca ions. The CO; groups 
indicated by grouped circles, have been greatly 
reduced in size. Lattice above the line marked e, 
is twinned on ¢. 
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GLIDING MECHANISM: Generalizations regard- 
ing the mechanisms of gliding, for the various 
orientations summarized in Table 5 and Figure 
26, are as follows: 

(1) In four orientations where the resolved 
shear-stress coefficient So on one or more 
{0112} planes is high (0.31-0.43 in our experi- 
ments) and the sense of shear is positive, the 
main mechanism of deformation is by twin 
gliding on these planes (Table 5). Where two or 
all three {0112} planes are equally stressed, all 
may function as glide planes; usually there are 
broad deformation bands within each of which 
one plane is predominantly active. Where two 
{0112} planes are unequally stressed, gliding is 
predominantly upon that plane for which Sp 
has the higher value. 

(2) In seven orientations So for one or more 
{0112} planes lies between 0.10 and 0.47, but 


TABLE 5.—VALUES OF So AND SENSE OF SHEAR FOR PossIBLE GLIDE SYSTEMS 


(Active systems underlined) 








| 
| 


Glide System 





























Plane 
Orientation | Temperature °C n a | e a | yi fr 
Line 
s[r:c] | sle:¢] | [fzra) | [fez] [faz] 
1 Ext. parallel c | 20°, 300° | .50+ .50+ | 40+ .40+ | 334! 33+ .33+ 
2 Ext. normal to ¢ 20°, 300° 30+ .37+ | 0 A3+ 374+ 1.214 .114+ 
3 Ext. normal to 7; 20° 0 .20+ | -31+ 0 | .23-! O  .47+ 
4 Comp. normal tom | 20°, 150°, 300° | .S0+ .13+ | 40+ .104* .314 .32+ .16- 
5 Ext. normal to m 300° | .50—- .13— 40— .10— | .31-| .32— .16+ 
6 Ext. 81° to c; 3514° tor, 20°, 150°, 300° | -47—  .11-— | .47— -.05—* .23—' .32— 09+ 
7 Ext. parallel [rors] | 300° \3i- 0 O* .12— | .38— .20- .38+ 
8 Comp. normal to 1: | 20° | 0 .20— 31——ssO* | «234+, 0 -47— 
8 Comp. normal to 1: | 300° ; O .20— 31—- Of | .23+; 0 .47-—** 
9 Comp. 30° to c; 75° tor 20° i .25— .35—*** .46— .14— | .04—! .16— .48— 
9 Comp. 30° to c; 75° tor: 150°, 300°, 400°, .25—  .35— 46— .14— | .04— .16— .48- 
10 Comp. parallel c | 20°, 150°, 300° | .50— .50— 40— .40-— | .33—| 33— .33— 
11 Comp. normal to ¢; | 20° 30- = .37- O* .43— | .37—| .21- .11- 
11 Comp. normal to | 300° | .30— .37— 0 .43— | .37—| 21-11 








* Subordinate local twin gliding. 
** Subordinate local translation gliding. 
*** Possibly some translation gliding on r2. 


the plane of the CO; group becomes rotated 
through 521¢° in the sense opposite to that in 
which the Ca ions are displaced along the glide 
plane (Fig. 25). 


the sense of shear is negative. As would be ex- 
pected there has been no twin gliding on these 
{0112} planes. Contrary to expectation, in 
three of these orientations obvious though still 
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subordinate twinning has occurred on other 
{0112} planes for which So is zero. In 3 speci- 
mens—namely 383 and 391 shortened normal 
to e, at 20°C and 415 shortened normal to 7; at 





FicureE 26.—EQuaL-AREA PROJECTION SHOWING 
ORIENTATIONS OF AXIS OF APPLIED STRESS (cir- 
cled points) IN RELATION TO THE CALCITE 
LATTICE 
Numbers to the right of the stress point refer to 

compression, numbers to the left refer to extension 


(Table 1). 
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ternally rotated in the sense demanded by the 
glide system acting within it (Fig. 27). 

(3) At 300°C the mechanism of deformation 
in specimens of the 7 orientations mentioned 
under (2) is translation gliding on {1011} in a 
direction normal to the intersection with {0001} 
—i.e., parallel to [71:/2]. The sense of shear is 
negative. The value of So for the active glide 
planes ranged from 0.20 to 0.50 (Table 5). 
Without exception the active {1011} plane is 
that for which So is highest. Where all three 
planes are equally stressed, at least two and 
possibly all three seem to have functioned. At 
150°C the same mechanism holds good for the 
few experiments carried out. 

(4) At 20°C the mechanism of gliding is not 
so simple. There are some orientations—such 
as 6 and 10 of Table 5—for which Sp on {1011} 
is higher than So on {0221}; and here gliding 
has occurred on the highly stressed {1011} 
plane. But for other orientations where the re- 
verse holds (e.g., orientations 8 and probably 
9), the main mechanism of deformation is glid- 
ing on the highly stressed {0221} plane in the 











FiGurE 27.—Twin GLIDING ON ¢, AS A MECHANISM OF EXTERNAL ROTATION 


A. Vertical section through cylinder compressed perpendicular to ¢, (Pl. 10A). Main deformation is by 
gliding parallel to 7; in sector EFCD. Twin gliding on e, in upper sector ABFE aids counterclockwise ex- 


ternal rotation (ER) of sector EFCD. 


B. Vertical section through cylinder compressed perpendicular to 7; (Pl. 7B). Main deformation is by 
gliding on r2 in kink band AGFE. Twin gliding on e. in lower end sector aids clockwise external rotation 


(ER) of kink band. 


300°C—such twinning is largely restricted to 
one end of the specimen where it locally ranks 
as an important deforming mechanism. It af- 
fords a means whereby the strongly deformed 
middle section of the specimen becomes ex- 


negative sense. There is direct petrographic 
evidence that the glide line in f is of the [A:r:] 
type, which is identical with the glide direction 
for gliding on r. There are two such lines for 
each f plane; and it is significant that the glide 
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line deduced on petrographic grounds in each 
case is that for which So has the higher—indeed 
almost the maximum possible value. In general, 
deformation of specimens of orientations 5-11 
at room temperature seems to involve transla- 
tion gliding in the negative sense on {1011} or 
{0221}. And there seems to be a greater tend- 
ency for compound glide systems (e.g., re and 
fs) to operate than is the case at 300°C. 

(5) Gliding on {0221} was detected as a 
minor component of the deformation mecha- 
nism at 300°C in one case (orientation 8). 

(6) There is no petrographic evidence of 
translation gliding on {0112} with negative 
sense of shear—a mechanism hitherto generally 
accepted as complementary to twin gliding in 
the opposite sense—even where So is most 
favorable for this type of gliding (e.g., orienta- 
tions 8 and 9). Most of the observed rotational 
effects are inconsistent with this mechanism. 

(7) Gliding on {0001} in a direction normal 
or parallel to one of the a crystal axes could 
account for observed internal rotations in rare 
instances. It is totally incompatible with most 
of our observations, however, and so is con- 
sidered unlikely as a contributory mechanism. 

(8) Since petrographic evidence of gliding 
comprises data of external rotation (especially 
of kink bands) and of internal rotation of early- 
formed lamellae, all the above conclusions refer 
to the main and final stages of deformation 
rather than to the initial stage just after the 
yield point is reached. 

KINK BANDS AND DEFORMATION BANDS: In 
specimens so oriented that deformation is ac- 
complished largely through gliding on one 
system only, there is a strong tendency for a 
single broad kink band to develop in the middle 
section of the specimen. Its trend is transverse 
to that of the active glide plane; and the axis 
of kinking (external rotation) is parallel to the 
glide plane and normal to the glide direction. 
Its configuration is also influenced by the steel 
cups in which the ends of the specimen are 
held. 

Deformation bands, less regular in form and 
orientation than kink bands, are common. 
They may be few and broad, or they may occur 
in microscopic swarms. Common trends are 
subparallel to {1011} or to the c axis; in a few 
specimens deformed at 20°C there are deforma- 
tion bands parallel to {0221}. Relative ex- 
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ternal rotation of the lattices of adjacent de- 
formation bands through 10° to 15° is not 
uncommon. In many cases different glide 
systems have operated in adjacent bands. Thus 
in specimens elongated parallel to the c axis a 
band within which ¢; is the plane of twin gliding 
is adjoined by another in which twinning is re- 
stricted to ¢,; the common boundary surface is 
rs, the plane containing the two glide lines 
[e1:73] and [e2:73]. In other deformation bands— 
e.g., the microscopic 72 bands in specimens 
shortened perpendicular to e; at 300°C—gliding 
seems to have been effective mainly in alternate 
bands, and the trend of the bands is parallel to 
the glide plane. In yet other cases no regular 
relation between trend of bands and orientation 
of glide planes has been traced. 

VISIBLE LAMELLAE: Early-formed lamellae. 
Some of the visible lamellae can be shown to 
have originated before or during the progress of 
plastic deformation of the specimen. Most 
conspicuous are {0112} twin lamellae in speci- 
mens deformed by twin gliding. To the same 
general category belong all L lamellae. These 
are early-formed e, /, or r lamellae which during 
plastic deformation have been internally ro- 
tated as a result of gliding on some other plane. 
Their individual orientations and modes of 
origin are summarized in Table 6. Note that a 
sure criterion for recognizing that a crystal con- 
taining ¢, twin lamellae has been largely or 
completely twinned on ¢ is the presence of 
lamellae Le, Ls, Ly, or Ls. Of these, Le and Ls 
occur commonly. 

Late-formed lamellae. Lamellae which occur 
in strongly deformed sectors, but which never- 
theless maintain normal angular and zonal rela- 
tions within the lattice, may be interpreted in 
three alternative ways: 

(a) The lamellae are parallel to a single set of 
active glide planes and developed during plastic 
deformation. This certainly applies to e twin 
lamellae in specimens deformed by twin gliding 
on that particular e plane, and conceivably ap- 
plies also to widely spaced r lamellae oriented 
parallel to a single active set of r glide planes. 

(b) The lamellae are of early origin but have 
been internally rotated by equal amounts in 
opposite senses under the influence of two 
simultaneously active glide systems. Exact 
fulfillment of this condition must be rare. But 
it could be approximated where ¢ lamellae are 
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simultaneously influenced by gliding on rz 
and 73. 

(c) The lamellae have originated after plastic 
deformation has ceased. In most of our speci- 


TABLE 6.—ORIENTATION AND ORIGIN OF L LAMELLAE 
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most grains cannot twin on {0112}, nontwinned 
e lamellae are most densely developed on that 
e plane for which So approaches zero. (C7. 
Turner and Ch’ih, 1951, p. 900-901.) 


























Criteria of recognition Origin 
Type * ; 
(in praca oniee on Angular relations nya PR dn 

zone circle) | sense of gliding 
Li e Li, ¢, 71 | c to Ly = 0-20° a te 

é1, ¢, Li, ri | 
Ll, ti, €2, Le e tol, = 50-65° es at 
Ls ei, €2, La c’ toL; = vl bs at 

Ls = {1120}’ e, to Ls = 67° 
Ly La, ri, 6’, €1 c’ to Ly = 50-60° r =: 
Ls Ls = {0001}’ | fi a+ 
Le Sr, Le, | é: to Lg = 5-15° a h—- 
L; A, Li, f2 @, to L; = 5-10° €) re— 
| rz to L7 = 28-33° 

Ls | Sis La, 41, € @ to Ly = 25-30° fh zz 





. “.* * . , , . . aes % 
*c, @, ni, etc., refer to the initial untwinned lattice. c’, ¢:, r2, etc., refer to directions and planes in the 


twinned lattice of a crystal which is largely or completely twinned on ¢. 


mens lamellae of several orientations—e.g., ¢1, 
éz, 7, and f,;—all show normal angular and 
zonal relations within the lattice. Here not 
more than one set could belong to category (a), 
and the possibility that any belong to category 
(b) is remote. The general conclusion that 
emerges from the present survey is that, with 
the exception of recognizably twinned e lamel- 
lae, the great majority of e, r, and f lamellae 
of our specimens have originated after plastic 
deformation had ceased. This confirms earlier 
conclusions based on a study of naturally and 
experimentally deformed marbles (Turner, 
1948, p. 568; Turner and Ch’ih, 1951, p. 904). 

Lamella patterns. The lamella pattern shown 
by parallel sections cut from specimens de- 
formed under identical conditions is astonish- 
ingly constant (e.g., compare Plates 3A and 
3B, 8C and 8D, 10C and 10D). In view of the 
conclusion stated in the preceding paragraph 
we have not considered further the problems 
raised by the regularity and the individual 
characteristics of the various lamella patterns 
observed. A number of general observations, 
however, are noted without explanation: 

(a) In many specimens so oriented that 


(b) In the same specimens short nontwinned 
e lamellae are densely packed within well-de- 
fined bands, most of which trend parallel to r. 
Two common patterns are ¢, lamellae in 1, 
bands and é2 and e; lamellae in 7; bands. In 
many such specimens deformation is the result 
of gliding on 1. 

(c) Nontwinned e lamellae are more pro- 
fusely ‘developed at 20°C than at 300°C. 

(d) Sharply defined nontwinned f lamellae 
are common in crystals deformed at room tem- 
perature but typically are lacking in specimens 
deformed at 300°C. They tend to form on sur- 
faces for which So is high and the sense of shear 
negative. (Cf. Borg and Turner, 1953.) 

Lamellae as a criterion of gliding. In general 
petrographers have assumed that microscop- 
ically visible lamellae are the direct result of 
gliding on or parallel to the lamella surfaces. 
This is certainly so with {0112} twin lamellae. 
On the other hand {1011} lamellae are so 
sparsely developed in specimens deformed by 
gliding on {1011} that the vast majority of the 
actual surfaces of displacement within the 
crystal must have remained invisible (Turner 
and Ch’ih, 1951, p. 904). That the individual 
planes of gliding are indeed very closely spaced 
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PETROGRAPHIC OBSERVATIONS 


is clearly indicated by the fact that lamellae of 
another orientation, internally rotated through 
as much as 25° during the gliding process, main- 
tain their identity and often their original 
planar configuration as well. 

We conclude that absence of visible {1011} 
or {0221} lamellae is completely compatible 
with gliding on one or both of these sets of 
planes. However, visible {0221} lamellae occur 
only in material deformed at 20°C, and it is 
only at this temperature that {0221} gliding is 
an important mechanism of deformation. More- 
over visible {0221} lamellae tend to develop 
parallel to planes for which Sp is high and the 
sense of shear negative. Profuse development of 
sharp nontwinned {0221} lamellae is perhaps a 
good indication that gliding on the {0221} 
plane in question has been active. Their ab- 
sence does not preclude gliding on {0221}. 


CONCLUSIONS AS TO MECHANISM OF 
DEFORMATION 


Correlation of experimental and petrographic 
data is summarized in the following general 
conclusions: 

(1) In most experiments analysis of external 
rotation of kink bands and of internal retation 
affecting lamellae—especially early-formed 
{0112} lamellae—within the deformed sectors 
of the specimen leads to a unique solution of the 
glide system. Three glide systems are so de- 
duced from rotation effects: 

(a) Twin gliding on {0112} = e; glide 
direction, [e::r2]; sense positive; effective 
over the temperature range 20°-300°C.7 

(b) Translation gliding on {1011} = 7; 
glide direction, [r::f2] = L [ri:c]; sense nega- 
tive; effective over the temperature range 
20°-400°C. 

(c) Translation gliding on {0221} = f; 
glide direction [f,:72]; sense negative; effective 
at 20°C, locally effective in one experiment 
at 300°C. 

The glide direction [f::r2] deduced for transla- 
tion on both {1011} and {0221} is the direction 
in which similarly charged ions are most closely 
spaced in the calcite lattice. 

(2) In many specimens deformation tends to 





7The sole specimen deformed at 400°C was 
oriented unsuitably for {0112} twinning. 
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be localized in one or a few broad sectors, the 
commonest case being that in which a kink 
band develops between relatively undeformed 
end sectors. Usually only one glide system 
operates in each sector—that for which the co- 
efficient of resolved shear stress (acting in the 
appropriate sense) is maximal. In other speci- 
mens, especially where several glide systems 
are equally stressed, two or more systems ap- 
pear to have been active, and deformation 
bands, each characterized by its individual 
glide system, have developed on a microscopic 
scale. 

(3) For material deformed at 300°C under 
stress directed unfavorably for twin gliding on 
e, the stress-strain data independently establish 
translation gliding in a negative sense on r, with 
[r1:f2] as glide direction. 

(4) Stress-strain data for similarly oriented 
specimens deformed at 20°C are ambiguous. 
However, the data are compatible with the 
alternative mechanisms of translation gliding 
on r and f deduced from petrographic observa- 
tions. 

(5) By assuming translation gliding in the 
negative sense on ¢ as an alternative mechanism 
to twin gliding on e, a good correlation may be 
obtained between strength and orientation of 
cylinders of Yule marble deformed at 20°C. 
Hitherto we have considered this as evidence 
supporting translation gliding on e. This con- 
clusion is invalidated by the discovery that the 
data for 20°C give an even better correlation 
assuming translation on other glide systems. 
One such is the entirely hypothetical system 
having f as glide plane and the normal to [/:c] 
as glide line. 

(6) The petrographic and experimental evi- 
dence from the present study is incompatible 
with translation gliding on e, even though 
several experiments were designed expressly to 
favor such a mechanism. The observations 
hitherto supposed to constitute evidence of 
such translation (see Introduction) can equally 
well be explained in terms of translation gliding 
on r or f. 

(7) There is no evidence of twin gliding on 
{1010} such as was reported by Robertson 
(1951, p. 1472) for calcite crystals experi- 
mentally deformed at low confining pressures. 
Nor is there any indication that {0001}, which 
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may act as a plane of translation gliding in 
dolomite (Johnsen, 1902), is an effective plane 
of translation in calcite. Most of our observa- 
tions are incompatible with either of these sup- 
posed mechanisms. 

(8) With increase of temperature from 20° to 
300°C the strength of calcite deformed by twin 
gliding on {0112} decreases by about a factor 
of three, while the strength for translation on 
{1011} decreases by a factor of six. 


APPLICATION OF RESULTS TO EXPERIMENTALLY 
DEFORMED YULE MARBLE 


Plastic deformation of a polycrystalline 
calcite aggregate such as Yule marble involves 
intergranular movements, intragranular gliding 
(twinning and translation), and recrystalliza- 
tion. In specimens of Yule marble deformed 
over the temperature range 20°C to 300°C, re- 
crystallization on grain boundaries—indicated 
by healing or lack of marginal granulation and 
by decreasing cloudiness of grains—increases 
notably with temperature (Griggs, Turner, 
Borg, and Sosoka, 1953, p. 1342). At 300°C 
and even more markedly at 400°C recrystalliza- 
tion possibly contributes to general reduction 
in average grain size. First, local sectors of 
an initially homogeneous grain develop as kink 
bands or deformation bands. (Cf. dark and 
light bands at ends of Plate 5C.) Then the 
boundaries between sectors become sharpened, 
perhaps by recrystallization of highly strained 
material, until each sector assumes the indi- 
viduality of a separate grain. Alternatively, in 
terms of dislocation theory (Edwards, Wash- 
burn, and Parker, 1953), this reduction in grain 
size, like the intricate mosaic of deformation 
bands of Plate 5, may be due to trapping and 
concentration of dislocations in the deformed 
lattice. 

On the whole, nevertheless, recrystallization 
seems to have played an accessory role in the 
experiments on marble, even at 300°-400°C. 
The presence of Ls lamellae in many grains 
indicates complete twinning on e where orienta- 
tion in the stress field favors this mechanism. 
In other grains L; lamellae are exceedingly 
common and point to effective translation 
gliding on r. We conclude that the glide mech- 
anisms that have been found to be effective in 
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experiments on single crystals also are largely 
responsible for experimental deformation of 
Yule marble under like conditions. As in single 
crystals, gliding on r leaves no visible trace 
other than internal rotation of pre-existing 
lamellae of other orientations. 

Finally we note an application of the above 
conclusion to the case of a cylinder of Yule 
marble compressed normal to the foliation in 
presence of water at 150°C and a confining 
pressure of 10,000 atmospheres (specimen 255; 
shortening 19%). Of a sample of 100 grains 
measured in the course of fabric analysis, 10 
show well-developed L; lamellae. In these the 
angle L; to e ranges from 7° to 17°, and the 
value of So for 7, in the same grains is 0.4-0.5 


Substituting a = 54°-64°, B = 71°,y = 90°, 
and s = So, in the equation 
cot a — cot 8B = s sin y, 


¢€, the strain, may be computed as 0.06-0.19 in 
the 10 grains with L; lamellae. This result may 
be interpreted in two alternative ways. If it be 
assumed that all L; structures were present as 
é, lamellae before deformation commenced, then 
the range of shortening of the ten grains is 6 to 
19 per cent. On the other hand, if some L; 
structutes originated as e lamellae at different 
stages of deformation then all 10 grains may 
have been shortened by approximately the 
same amount—at least 19 per cent. 
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GEOLOGIC PROBLEMS IN THE SOUTHEAST MISSOURI LEAD 
DISTRICT: SUPPLEMENT 


By E. L. Oxnte And Joun S. Brown, Editors 


Readers of the article entitled Geologic Prob- 
lems in the Southeast Missouri lead district (Ohle 
and Brown, 1954) will be interested in the 
following conclusions reached since the prepara- 
tion of that paper. 

The structures referred to as ‘‘Fingers’’ have 
been determined to be organic. They are algal 
growths of the genus Collenia (Ohle and Brown, 
1954, Pl. 1, fig. 2; Pl. 2). These organisms evi- 
dently grew upward essentially vertically 
reaching for light and food-bearing clear water, 
pari passu as sediment accumulated between 
them. They characteristically have an internal 
structure convex upward, whereas the inter- 
vening sediment in many places, but not every- 
where, shows concavity upward. Normally also 
there is a pronouncedly greater abundance of 
fossil fragments, spots, probably representing 
aggregations of lime muds, odlites, and even 
pebbles of igneous rock, in the spaces between 
fingers. Some of these foreign objects, however, 
are incorporated within the fossil form. 

The algal organism commonly tended to 
develop in colonial habit as a bioherm, ex- 
pressed in cross section as a semi-oval surface 
also convex upward. These are the structures 
described as “rolls”, a single unit being pictured 
in Plate 4 of the original paper. Again, as with 
the component fingers, areas of flat-bedded limy 
sediment accumulated on the margins of and 
between rolls. In some places, however, the rolls 
are so closely spaced as to become a continuous 
succession of upward-bulging humps separated 
from each other by deep V-shaped troughs. 
On a stope face these appear as a succession of 
huge scallops. 

The maximum height of individual fingers is 
1-2 feet; then growth seems to have subsided 
temporarily. A layer of black mud of variable 
thickness usually buried the “fingered” layer 
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and commonly accumulated more heavily in the 
marginal dips or troughs. Other growth layers 
soon overspread this, however, often in many 
repetitions. The whole assemblage of rolls and 
fingered rock constituted an aggregate of typical 
reef form, and it was the development of this 
fact, in the course of mine mapping, which 
eventually made it obvious that an organic 
origin was implied. 

The reeflike nature of the rolls and finger rock 
is particularly well developed in the new Indian 
Creek mine of the St. Joseph Lead Company, 
about 30 miles northwest of the main Lead 
Belt, where the algae grew abundantly around 
the margins of a porphyry knob that projected 
high into the Bonneterre formation. These new 
workings supplied especially convincing evi- 
dence of the organic and reeflike nature of this 
type of rock. 

The structures described as break-throughs 
in the earlier article, and ascribed to alteration, 
are actually reefs in which alteration has been 
concentrated. 

By way of confirming the organic origin of 
these long-mooted structures, the St. Joseph 
Lead Company, in April 1954, arranged for a 
visit to the area by Professor J. Harlan Johnson 
of the Colorado School of Mines, a well-known 
authority on early fossil algae and other phases 
of limestone reef formation. Mr. Johnson spent 
a week in the lead mining area examining se- 
lected critical exposures underground, and had 
no hesitation in pronouncing the features 
organic and ascribing the most prominent 
contributor, the finger type, to the genus 
Collenia. 

The reefs are limited stratigraphically to 
about one-fourth of the total thickness of the 
Bonneterre formation, just below the middle of 
the section. That is, with a normal thickness of 
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400 feet of Bonneterre, rolls and finger struc- 
tures are confined approximately to the interval 
between 100 and 200 feet above the base. In- 
variably rolls developed on slightly elevated 
portions of the underlying sea floor, either 
as igneous ridges projecting to just the right 
height or sedimentary arch structures of the 
types illustrated in the previous article. For 
some unknown reason almost all rolls are 
elongated approximately normal to the under- 
lying foundation ridge. Since the ridges most 
commonly trend northeastward, rolls are 
likely to trend northwest (Figs. 10, 11 of 
original paper). 

Unfortunately, the organic nature of the 
Collenia fingers must be inferred wholly from 
gross forms, since all positive organic micro- 
structures seem to have been destroyed by 
alteration and recrystallization. In spite of 
rather extensive surface exposures of the Bonne- 
terre formation, no good examples of the reef 
structures can be cited in outcrop. Leaching and 
superficial alteration seem to obliterate these 
features effectively. 

Because of differences in competence and 
compactability between the reef rock and in- 
tervening sediment many minor fractures of 
limited vertical extent developed along the 
margins of and parallel to rolls. In places minor 
fractures extending through the Bonneterre 
seem to have been related to this control. 
Larger faults, however, definitely offset rolls, 
and in fact some sizable horizontal displace- 
ments have been established by correlating 
rolls on opposite sides of northeast-trending 
faults. 

The relation of rolls and fingers. to mineraliza- 
tion, long debated inconclusively, now can be 
stated confidently. The structures are original, 
sedimentary, and long antedate the ore. In some 
cases, especially over much of the Flat River 
portion of the Lead Belt, they provided a suit- 
able complex host structure for the deposition 
of ore, but substantial areas of reef material, 
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even within the mineralized region, are un- 
mineralized, and wholly barren reefs have been 
encountered elsewhere in random exploration. 

The vertical nature of fingers obviously con- 
tributed to considerable local movement of ore 
solutions up or down across bedding; and the 
long flat V-shaped troughs beside or between 
rolls definitely channeled extensive horizontal 
movement of the ore fluids. 

The cause of the persistent brown coloration 
characteristic of fingers, and suggestive of some 
sort of mild oxidation effect, is as yet unex- 
plained as is also the fact that the reef rock is 
invariably dolomitized. It would seem that 
dolomitization was an early diagenetic process 
conditioned in some degree by the nature of the 
material. Faintly fingered rock has been ob- 
served occasionally in unaltered limestone, in 
small amounts, in most cases lacking the pro- 
nounced structure habits of that in well- 
dolomitized reefs. 

It should be emphasized that the organic 
structures referred to herein constitute only 
one of several important ore controls in the 
region. Their relative importance is indicated 
by unit 7 of Figure 3, but this varies greatly in 
different mines. In the Flat River area probably 
25-30 per cent of the total ore is from rolls and 
finger rock; at Leadwood less than 5 per cent; 
at Bonne Terre perhaps 10 per cent. In the 
Indian Creek mine this type seems likely to 
represent more than 75 per cent of the total, 
but in the Fredericktown and Mine La Motte 
area the rock type is virtually absent, and all 
the ore is in lower beds. 
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TERMINOLOGY FOR THE THICKNESS OF STRATIFICATION AND 
PARTING UNITS IN SEDIMENTARY ROCKS 


By Roy L. INGRAM 


Before the many excellent suggestions of 
McKee and Weir for the description of strati- 
fication become too widely used, I should like 
to suggest some changes in their proposed 
pigeon-holing of the thicknesses of stratification 
and parting units (McKee and Weir, 1953, p. 
383-384). 

Semiquantitative terms used in the geological 
literature describing the thickness of layers 
have little meaning as these terms seem to 
have different meanings to different people. 


Figure 1 shows how semiquantitative terms 
have been used by some of the few who have 
bothered to tell what they mean. McKee 
and Weir’s attempt to standardize the meanings 
of these terms is an admirable one. The scale 
they propose, however, is neither an arithmetic 
scale nor a geometric or logarithmic scale but 
is a mixture of the two. Because so many 
natural phenomena seem to fit best in logarith- 
mic or geometric groupings, the writer proposes 
a geometric scale with a starting point of 1 
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FIGURE 1.—CLASSIFICATIONS OF THICKNESS OF STRATIFICATION UNITS 
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TABLE 1.—GEOMETRIC SCALE WITH A 
STARTING POINT OF 1 AND A 
Common Ratio oF +/10 


























Actual | Rounded Off 
cm. | in. ft. cm. in. | ft 
0.1 | 0.04 | 0.1] 4% | 
0.3 0.1 | 0.3] Mo | 
1.0 0.4 10| % | 
3.2 1.2 3.0; 1 
10.0 3.9 10.0) 4 | 
31.6 | 12 1.0| 30 12 } 1 
100.0 | 39 3.2 | 100 ee. 
316 124 | 10.3 | 300 | 10 











R. L. INGRAM—TERMINOLOGY IN SEDIMENTARY ROCKS 


sense of thickness, also have shape connota- 
tions. For example, a rock that has parting 
units 1 foot thick would be called ‘“‘slabby” 
by McKee and Weir; yet, if there were another 
parting direction perpendicular to the stratifi- 
cation, the shape of the fragments would be 
that of a bladed rod or a splinter. In order to 
avoid this shape connotation, in order to have 
terms easier to remember, and in order to have 
a geometric scale, the writer proposes the 
classification of the thickness of parting 
parallel to the stratification as shown in Table 
2. The terms used for the description of parting 
are the same as those used for stratification 


TABLE 2.—CLASSIFICATION OF THE THICKNESS OF STRATIFICATION AND PARTING 
OF SEDIMENTARY ROCKS 








Thickness of Unit 





Terms for Thickness of Stratification 


| 


Terms for Thickness of Parting Units 
| 








| Super-thinly parted 
| Extra-thinly parted 
| Very thinly parted 
Thinly parted 

| Mediumly parted 

| Thickly parted 








Metric System English System 
-0.3 cm. —Ko in. Thinly laminated 
0.3-1.0 i036 Thickly laminated 
1-3 26-1 | Very thinly bedded 
3-10 i-4 | Thinly bedded 
10-30 4-12 Mediumly bedded 
30-100 1-3 ft. | Thickly bedded 
100- 3- | Very thickly bedded 


Very thickly parted 





cm and a common ratio of4/10 but rounded 
off to facilitate memory. Table 1 shows this 
geometric scale expressed in centimeters, 
inches, and feet. This scale expressed in centi- 
meters and rounded off is easy to remember 
as 1 and 3 repeat themselves with different 
positions of the decimals. For those who do not 
care to use the metric system, there are English 
system units that approximate those of the 
metric system very closely. Table 2 shows the 
proposed classification of the thickness of 
stratification units with descriptive terms that 
can be used with each of the pigeon-holes. 

A description of the breaking or parting 
characteristics of a rock should include the 
direction of breaking relative to the stratifica- 
tion, ease of breaking, shape of fragments, 
thickness of fragments, nature of surface of 
breaking, etc., McKee and Weir propose terms, 
such as papery, platy, shaly, flaggy, slabby, 
blocky, and massive, to denote the thickness of 
parting units. These terms, while conveying a 


except for the terms “extra thinly parted” 
and “super thinly parted” that correspond to 
“thickly” and “thinly laminated.” 
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EVIDENCE OF A MISSING LOWER PALEOZOIC (?) FORMATION IN 
THE HELLS CANYON AREA, IDAHO-OREGON 


By Harotp T. STEARNS 


Well-rounded tan and yellow quartzite 
pebbles, cobbles, and boulders measuring 2 
feet across occur in ancient stream beds on the 
tilted Tertiary erosion surface cut across 
Cretaceous (?) granodiorite, Triassic limestone, 
Permo-Jurassic metasediments, and meta- 
volcanics in the Seven Devils Mountains and 
the Hells Canyon area along Snake River in 
Adams County, Idaho, and Wallowa County, 
Oregon. These deposits were laid in valleys 
formerly draining westward on the ancient 
erosion surface prior to the eruption of the 
Columbia River basalt of late Miocene age. A 
remnant of these basalts lies on the quartzite 
gravels near the South Peacock Mine north of 
Cuprum, Idaho. The quartzite cobbles and 
boulders are exceedingly well rounded and lie 
on top of limestone of Triassic age on the 
Oregon side of Snake River. The most acces- 
sible cobble deposit is on the east side of 
Indian Creek along the main road from Cuprum 
to Council, Idaho, just east of Cuprum Junc- 
tion where it lies on decomposed granodiorite 
now being excavated for road metal. 


Quartzite of a type similar to the cobbles 
has not been found im situ in this part of Idaho, 
but the quartzite cobbles are positive evidence 
that a formation of considerable extent either 
has been stripped from the country or lies 
buried under the Columbia River basalts to 
the eastward. The quartzite so closely resembles 
the tan quartzite of the Brigham (Cambrian) 
or Kinnikinic (Ordovician) formations of 
Lower Paleozoic age that one might tentatively 
assign that age to it. Geologists familiar with 
the Belt series are sure that the quartzite 
cobbles were not derived from that formation. 

The writer is indebted to Jack Darland, a 
miner in Cuprum, for calling his attention to 
the “Dry Diggings”, as the ancient stream 
deposits are known locally. Mr. Darland states 
that the gold in the deposit near the South 
Peacock Mine is well waterworn and shaped 
like a pumpkin seed whereas placer gold of 
local origin is rough and usually has quartz 
attached to it. 


Hope, IpaHo 
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